
Printed by Jouve, 75001 PARIS (FR)

(19)
E

P
2 

91
8 

31
0

A
2

TEPZZ 9_8¥_ZA T
(11) EP 2 918 310 A2

(12) EUROPEAN PATENT APPLICATION

(43) Date of publication: 
16.09.2015 Bulletin 2015/38

(21) Application number: 15161760.2

(22) Date of filing: 29.03.2007

(51) Int Cl.:
A61N 1/36 (2006.01) A61N 1/05 (2006.01)

A61B 5/0476 (2006.01)

(84) Designated Contracting States: 
AT BE BG CH CY CZ DE DK EE ES FI FR GB GR 
HU IE IS IT LI LT LU LV MC MT NL PL PT RO SE 
SI SK TR

(30) Priority: 29.03.2006 US 787680 P

(62) Document number(s) of the earlier application(s) in 
accordance with Art. 76 EPC: 
07759728.4 / 2 026 874

(71) Applicant: Dignity Health
Phoenix, Arizona 85013 (US)

(72) Inventor: Craig, Arthur, D.
Phoenix AZ 85041 (US)

(74) Representative: Hutter, Anton et al
Venner Shipley LLP 
200 Aldersgate
London EC1A 4HD (GB)

Remarks: 
This application was filed on 30-03-2015 as a 
divisional application to the application mentioned 
under INID code 62.

(54) VAGUS NERVE STIMULATION

(57) An implanted electrical signal generator delivers
a novel exogenous electrical signal to a vagus nerve of
a patient. The vagus nerve conducts action potentials
originating in the heart and lungs to various structures of
the brain, thereby eliciting a vagal evoked potential in
those structures. The exogenous electrical signal simu-
lates and/or augments the endogenous afferent activity
originating from the heart and/or lungs of the patient,
thereby enhancing the vagal evoked potential in the var-

ious structures of the brain. The exogenous electrical sig-
nal includes a series of electrical pulses organized or
patterned into a series of microbursts including 2 to 20
pulses each. No pulses are sent between the micro-
bursts. Each of the microbursts may be synchronized
with the QRS wave portion of an ECG. The enhanced
vagal evoked potential in the various structures of the
brain may be used to treat various medical conditions
including epilepsy and depression.
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Description

CROSS REFERENCE TO RELATED APPLICATION(S)

[0001] This application claims the benefit of U.S. Pro-
visional Application No. 60/787,680, filed March 29,
2006.
[0002] The United States patent application entitled
"Synchronization Of Vagus Nerve Stimulation With The
Cardiac Cycle Of A Patient" by Arthur D. Craig and filed
concurrently herewith is hereby incorporated herein by
reference.
[0003] The United States patent application entitled
"Microburst Electrical Stimulation Of Cranial Nerves For
The Treatment Of Medical Conditions," by Arthur D. Craig
and filed concurrently herewith is hereby incorporated
herein by reference.

BACKGROUND OF THE INVENTION

Field of the Invention

[0004] The present invention is directed generally to
neurostimulation of the vagus nerve, and more particu-
larly to an improved apparatus and method for vagus
nerve stimulation therapy using heart rate variability syn-
chronization, patterned electrical pulses inside a pulse
burst, and electroencephalogram ("EEG") based optimi-
zation.

Description of the Related Art

[0005] Vagus nerve stimulation ("VNS") (for example,
VNS Therapy™ by Cyberonics, Inc.) is an FDA-approved
method for alleviating treatment-resistant epilepsy and
depression.
[0006] Vagus nerve stimulation was initially developed
and approved by the FDA for the treatment of refractory
partial onset epilepsy. Recently, it has been reported that
the use of VNS in human patients with epilepsy is asso-
ciated with an improvement in mood. As a consequence,
VNS has also been approved as a treatment for refractory
depression (treatment resistant depression).
[0007] VNS typically involves implanting a nerve stim-
ulating electrode on the left or right vagus nerve in the
neck. The electrode is connected to a subcutaneous
pacemaker-like control unit that generates an electrical
nerve stimulating signal. A Vagus Nerve Stimulator
("VNS stimulator") is an example of an implantable stop-
watchsized, pacemaker-like control unit device config-
ured to electrically stimulate the vagus nerve leading to
the brain.
[0008] Conventional VNS is generally applied every 5
minutes in a 7 second to one minute burst (see FIG. 3A
for a portion of an exemplary burst) including a pulse train
of uniformly spaced apart pulses having a pulse current
amplitude of about 0.5 mA to about 2.0 mA). The pulses
are delivered at about 20 Hz to about 50 Hz. Each of the

pulses may have a width of about 0.5 milliseconds. VNS
is currently approved to treat epileptic seizures and de-
pression when drugs have been ineffective.
[0009] Consequently, a need exists for methods of de-
livering electrical stimulation to the vagus nerve. Further,
a need exists for improved electrical signals that increase
the efficacy of VNS.

SUMMARY OF THE INVENTION

[0010] In one embodiment, the invention includes a
method of treating a medical condition by detecting a
portion of the QRS wave of the patient’s cardiac signal
and after detecting the portion of the QRS wave, deliv-
ering a microburst comprising 2 to 20 electrical pulses to
the patient’s vagus nerve. Each of the microbursts may
have duration of less than about 100 milliseconds. In par-
ticular embodiments, the interpulse intervals separating
the pulses are about 3 milliseconds to about 12 millisec-
onds. In alternate embodiments, the interpulse intervals
are less than about 40 milliseconds. In various embodi-
ments, the sum of the interpulse intervals is less than
about 40 milliseconds, and in further embodiments, less
than about 60 milliseconds. In further embodiments, the
method includes waiting a predetermined delay period
after the detection of the portion of the QRS wave before
generating the microburst.
[0011] In another embodiment, the invention includes
an exogenous electrical signal delivered to a patient’s
vagus nerve and adapted to treat a medical condition
present in the patient by enhancing the vagal evoked
potential in the patient’s brain. The exogenous electrical
signal includes a series of microbursts each having about
2 to about 20 electrical pulses. In some embodiments,
the exogenous electrical signal includes a series of mi-
crobursts each having a duration less than about one
second. The invention also includes an implantable de-
vice configured to apply the inventive exogenous electri-
cal signal.
[0012] In further embodiments, the microbursts of the
exogenous electrical signal may be synchronized with
the R wave portion of the patient’s cardiac cycle. In par-
ticular embodiments, each of the microbursts of the ex-
ogenous electrical signal occur after a selected R wave
portion. In various embodiments, each of the microbursts
occurs less than about 1000 milliseconds after the se-
lected R wave portion. The pulses of the microbursts may
be spaced to simulate the endogenous afferent activity
occurring at a particular time in the cardiac cycle. Further,
each of the microbursts may be delayed relative to the
selected R wave portion to simulate the endogenous af-
ferent activity occurring at a particular time in the cardiac
cycle. In various embodiments, the delay has a duration
less than about 500 milliseconds. In further embodi-
ments, the delay has a duration less than about 1000
milliseconds.
[0013] In various embodiments, each of the micro-
bursts occurs after an R-R interval (i.e., the amount of
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time between two successive R wave portions in the car-
diac signal) having a duration that is shorter than the
duration of the previous R-R interval. In further embodi-
ments, the microbursts are delivered to the vagus nerve
after the R wave portions occurring during inspiration but
not after the R wave portions occurring during expiration.
[0014] The invention also includes a method of cus-
tomizing the exogenous electrical signal to elicit a desired
vagal evoked potential in a selected structure of the brain
associated with a medical condition. The method in-
cludes determining a value of a signal parameter (e.g.,
pulse width, pulse frequency, an interpulse interval be-
tween two of the pulses of the microburst, microburst
frequency, a number of microbursts of the series of mi-
croburst, a duration of the electrical signal, a number of
pulses in the microbursts, etc.), generating an electrical
signal having a series of microbursts of 2 to 20 electrical
pulses each according to the signal parameter, delivering
the electrical signal to the patient’s vagus nerve, analyz-
ing an EEG of the patient’s brain created during the de-
livery of the electrical signal to determine the vagal
evoked potential observed in the selected structure of
the brain, and modifying the value of the signal parameter
based on the vagal evoked potential observed in the se-
lected structure of the brain to modify the vagal evoked
potential observed therein. In various embodiments, the
selected structure of the brain includes the thalamus,
striatum, and/or insular cortex.
[0015] Embodiments of the invention also include a
computer readable medium having computer executable
components for detecting the QRS wave portion of the
cardiac cycle, generating a microburst, and delivering
the microburst to the vagus nerve of a patient in response
to the detection of the QRS wave portion of the patient’s
cardiac cycle.
[0016] The invention also includes embodiments
wherein the patient manually triggers the generation and
delivery of the inventive exogenous electrical signal to
his/her vagus nerve.

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF 
THE DRAWING(S)

[0017]

Figure 1 illustrates a portion of an ECG trace located
above a portion of a trace illustrating an exogenous
electrical signal patterned into microbursts that are
synchronized with the QRS wave portion of the ECG
trace. Each of the microbursts begins after a delay
period following the QRS wave portion of the ECG
trace.
Figure 2A illustrates a conventional electrical signal
generator that may be modified to deliver an exog-
enous electrical signal constructed according to the
present invention.
Figure 2B is a block diagram illustrating various com-
ponents of the electrical signal generator of Figure

2A.
Figure 3A is a trace illustrating an exemplary con-
ventional VNS exogenous electrical signal having a
series of pulses.
Figure 3B is a trace of the potential measured in a
monkey’s thalamus while a portion of the conven-
tional pulse burst of Figure 3A was applied to the
vagus nerve of the monkey.
Figure 3C is a trace illustrating an exemplary em-
bodiment of an exogenous electrical signal con-
structed according to the present invention.
Figure 3D is a trace illustrating the average potential
(after 20 microbursts) measured in the monkey tha-
lamus while a pulse burst having microbursts of four
pulses each was applied to the vagus nerve. The
inter-microburst interval was about 4 seconds and
the interpulse interval was about 3 milliseconds.
Figure 3E provides nine exemplary traces of the po-
tential measured inside a monkey’s thalamus while
various exogenous electrical signals were applied to
the vagus nerve of the monkey. Each of the traces
illustrates the average potential (after 20 micro-
bursts) measured in the monkey thalamus while the
exogenous electrical signals was applied to the mon-
key’s vagus nerve. Each of the exogenous electrical
signals included a series of microbursts having a se-
lected number of pulses each. The pulses of the mi-
crobursts of the exogenous electrical signals of the
topmost row have an interpulse interval of 3 millisec-
onds. The pulses of the microbursts of the exoge-
nous electrical signals of the middle row have an
interpulse interval of 6 milliseconds. The pulses of
the microbursts of the exogenous electrical signals
of the bottom row have an interpulse interval of 9
milliseconds.
Figure 3F provides three exemplary traces of the po-
tential measured inside a monkey’s thalamus while
various exogenous electrical signals were applied to
the vagus nerve of the monkey. Each of the traces
illustrates the average potential (after 20 micro-
bursts) measured in the monkey thalamus while the
exogenous electrical signals was applied to the mon-
key’s vagus nerve. All of the exogenous electrical
signals included a series of microbursts having three
pulses each. The pulses had an interpulse interval
of 9 milliseconds. The exogenous electrical signal
used to generate the leftmost trace included micro-
bursts separated by an inter-microburst interval of
about 6 seconds. The exogenous electrical signal
used to generate the middle trace included micro-
bursts separated by an inter-microburst interval of
about 2 seconds. The exogenous electrical signal
used to generate the rightmost trace included micro-
bursts separated by an inter-microburst interval of
about 0.5 seconds.
Figure 4A provides four exemplary traces of the po-
tential measured inside a monkey’s thalamus while
various exogenous electrical signals were applied to
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the vagus nerve of the monkey. For all of the exog-
enous electrical signals, the inter-microburst interval
was about 4 seconds and the interpulse interval was
about 3 milliseconds.

[0018] A topmost trace illustrates the average potential
(after 20 pulses) measured in the monkey thalamus while
a pulse burst having a series of uniformly spaced apart
pulses was applied to the monkey’s vagus nerve. The
spacing between the pulses was about 4 seconds.
[0019] A second trace from the top depicts the average
potential (after 20 microbursts) measured in the monkey
thalamus while a pulse burst having microbursts of two
pulses each was applied to the vagus nerve.
[0020] A third trace from the top depicts the average
potential (after 20 microbursts) measured in the monkey
thalamus while a pulse burst having microbursts of three
pulses each was applied to the vagus nerve.
[0021] The bottommost trace depicts the average po-
tential (after 20 microbursts) measured in the monkey
thalamus while a pulse burst having microbursts of four
pulses each was applied to the vagus nerve.
[0022] Figure 4B provides five exemplary traces of the
potential measured inside a monkey’s thalamus while
various exogenous electrical signals including micro-
bursts having two pulses each, the microbursts being
separated by an inter-microburst interval of about 4 sec-
onds, were applied to the vagus nerve of the monkey.
Each of the traces illustrates the average potential (after
20 microbursts) measured in the monkey thalamus while
the exogenous electrical signals was applied to the mon-
key’s vagus nerve.
[0023] The interpulse interval between the pulses of
the microbursts of the exogenous electrical signal was
about 40 milliseconds in the topmost trace.
[0024] The interpulse interval between the pulses of
the microbursts of the exogenous electrical signal was
about 20 milliseconds in the trace second from the top.
[0025] The interpulse interval between the pulses of
the microbursts of the exogenous electrical signal was
about 10 milliseconds in the trace third from the top.
[0026] The interpulse interval between the pulses of
the microbursts of the exogenous electrical signal was
about 6.7 milliseconds in the trace fourth from the top.
[0027] The interpulse interval between the pulses of
the microbursts of the exogenous electrical signal was
about 3 milliseconds in the bottommost trace.
[0028] Figure 4C provides five exemplary traces of the
potential measured inside a monkey’s thalamus while
various exogenous electrical signals including micro-
bursts having two pulses each, the pulses of each of the
microbursts being separated by an interpulse interval of
about 6.7 seconds, were applied to the vagus nerve of
the monkey. Each of the traces illustrates the average
potential (after 20 microbursts) measured in the monkey
thalamus while the exogenous electrical signals was ap-
plied to the monkey’s vagus nerve.
[0029] The inter-microburst interval between the mi-

crobursts of the exogenous electrical signal used in the
topmost trace corresponded to the microbursts occurring
at a microburst frequency of about 10 Hz.
[0030] The inter-microburst interval between the mi-
crobursts of the exogenous electrical signal used in the
trace second from the top corresponded to the micro-
bursts occurring at a microburst frequency of about 3 Hz.
[0031] The inter-microburst interval between the mi-
crobursts of the exogenous electrical signal used in the
trace third from the top corresponded to the microbursts
occurring at a microburst frequency of about 1 Hz.
[0032] The inter-microburst interval between the mi-
crobursts of the exogenous electrical signal used in the
trace fourth from the top corresponded to the microbursts
occurring at a microburst frequency of about 0.3 Hz.
[0033] The inter-microburst interval between the mi-
crobursts of the exogenous electrical signal used in the
bottommost trace corresponded to the microbursts oc-
curring at a microburst frequency of about 0.25 Hz.
[0034] Figure 5 illustrates a system for using a conven-
tional EEG device to optimize an exogenous electrical
signal used for VNS stimulation according to the present
disclosure.
[0035] Figure 6 provides an exemplary EEG illustrating
the vagal evoked potential elicited by an exogenous elec-
trical signal constructed according to the present inven-
tion.
[0036] Figure 7 illustrates an exemplary embodiment
of an electrical signal generator programming and/or re-
programming device for use with the electrical signal gen-
erator of Figure 2A-2B.

DETAILED DESCRIPTION OF THE INVENTION

[0037] The present invention provides novel tech-
niques, alone or in combination, to improve the efficacy
of VNS used in the treatment of a variety of medical con-
ditions, including disorders of the nervous system, such
as epilepsy and depression. The following disclosure de-
scribes various embodiments of a novel method and its
associated apparatus for improving VNS therapies. Ac-
cording to the present disclosure, these novel techniques
are particularly useful for treating epilepsy and depres-
sion. However, it is envisioned that these same novel
techniques may be used to treat a variety of disorders
and conditions that include a physiological relationship
to the nervous system, such as neuropsychiatric disor-
ders, eating disorders/obesity, traumatic brain injury/co-
ma, addiction disorders, dementia, sleep disorders, pain,
migraine, endocrine/pancreatic disorders (including but
not limited to diabetes), motility disorders, hypertension,
congestive heart failure/cardiac capillary growth, hearing
disorders, angina, syncope, vocal cord disorders, thyroid
disorders, pulmonary disorders, and reproductive endo-
crine disorders (including infertility). Thus, based on the
aforementioned relationship to the nervous system,
these disorders and conditions, including epilepsy and
depression, are collectively referred to herein as disor-
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ders of the nervous system, even if not conventionally
described as such.
[0038] One of the novel techniques includes synchro-
nizing portions of an exogenous electrical signal with the
endogenous afferent activity of the vagus nerve, primarily
the endogenous afferent activity originating from recep-
tors in the heart and lungs. Stimulating the vagus nerve
in synchrony with endogenous vagal rhythms, in partic-
ular with cardiac cycle and heart rate variability (HRV),
enhances therapeutic efficacy of VNS.
[0039] In the prior art, the exogenous electrical signal
applied to the vagus nerve during conventional VNS is
often referred to as a pulse burst. The pulse burst typically
includes a series of uniformly spaced apart substantially
identical pulses, i.e., a simple pulse train. The VNS ap-
plied to treat disorders of the nervous system may include
multiple pulse bursts separated by an interburst delay.
[0040] An individual pulse burst may be triggered au-
tomatically or manually. In many prior art devices, a pulse
burst may be triggered by the detection of a medical event
such as a seizure, or may be triggered manually by the
user or a medical professional. Alternatively, pulse bursts
may occur at regular intervals separated by a predeter-
mined interburst delay. Typically, the interburst delay is
about five minutes, 30 minutes, or 60 minutes.
[0041] The pulses of the conventional VNS pulse
bursts are applied asynchronously, i.e., asynchronous
with both the cardiac and lung cycles. As mentioned
above, conventional VNS is generally applied every 5
minutes in a 7 second to one minute pulse burst (see
FIG. 3A for a portion of an exemplary burst) of uniformly
spaced apart pulses having an pulse current amplitude
of about 0.5 mA to about 2.0 mA. The pulses are delivered
at about 20 Hz to about 50 Hz. Each of the pulses may
have a width of about 0.5 milliseconds. While monopha-
sic pulses are generally used, biphasic pulses may also
be used. As used herein, the term "pulses" refers to both
monophasic and biphasic pulses.
[0042] In the present invention, the pulses within a
pulse burst are patterned or otherwise organized to im-
prove and/or optimize stimulation of the vagus nerve
and/or structures of the brain in communication there-
with. The natural endogenous afferent activity in the left
and right vagus nerves predominantly occurs immediate-
ly following each cardiac contraction and during each in-
spiration. Further, the timing of the endogenous afferent
activity in the left and right vagus nerves varies with heart
rate, breathing rate, and emotional state. However, be-
cause the left and right vagus nerves innervate different
portions of the heart, the timing of the afferent activity in
the left vagus nerve may differ from the timing of the
afferent activity in the right vagus nerve. Consequently,
the patterning of the pulse burst may be different for the
right and left vagus nerves. As is appreciated by those
of ordinary skill in the art, the pulse burst is generally
applied to the left vagus nerve because VNS stimulators
implanted on the right side applying a pulse burst to the
right vagus nerve are associated with an increase in pa-

tient mortality. As used herein, the term "vagus nerve"
may refer to either the left or right vagus nerve.
[0043] According to one aspect of the present inven-
tion, a novel exogenous electrical signal is applied to the
vagus nerve. The novel exogenous electrical signal is
configured to augment the natural endogenous afferent
activity in the vagus nerve by timing the pulses within a
pulse burst in an improved and more effective manner.
In particular embodiments, as will be described in detail
below, the pulses within the pulse burst may be organized
into sub-bursts or microbursts (each having about 2 to
about 20 pulses) that are synchronized with the endog-
enous afferent activity in the vagus nerve to augment the
endogenous afferent activity therein.
[0044] Referring to FIG. 1, a trace 100 of a portion of
an exemplary embodiment of the novel exogenous elec-
trical signal is provided. Located above the trace 100 in
FIG. 1, an exemplary electrocardiogram (ECG) trace 120
depicting cardiac activity detected by an electrocardio-
graph (not shown) is provided. The novel exogenous
electrical signal includes a pulse burst 130 organized into
a series of microbursts 170. Each of the microbursts 170
is synchronized with a portion of the cardiac cycle de-
picted in the ECG trace 120. In particular, each of the
microbursts 170 is synchronized with the QRS wave por-
tion 174 of the ECG trace 120, so that endogenous car-
diac-related and respiration-related vagal afferent activ-
ity is augmented by the microbursts 170 of the exogenous
electrical signal.
[0045] As illustrated in FIG. 1, each of the microbursts
170 may be triggered by an R-wave portion 176 of the
QRS wave portion 174. Without being bound by theory,
it is believed that synchronizing the application of the
microbursts 170 of the exogenous electrical signal to the
vagus nerve with the detection of the R-wave portion 176
of the patient’s cardiac cycle may increase the efficacy
of VNS therapy by entraining the exogenous electrical
signal with the endogenous cyclic facilitation of central
vagal afferent pathways. Each of the microbursts 170
begins after the elapse of a delay period, which compris-
es a variable time period that may range, e.g., from about
10 milliseconds to about 1000 milliseconds following de-
tection of the R-wave portion 176. In various embodi-
ments, the delay period may be less than about 10 mil-
liseconds. Further, in some embodiments, the delay pe-
riod may be about 10 milliseconds to about 500 millisec-
onds or about 10 milliseconds to about 800 milliseconds.
In further embodiments, the delay period is less than
1000 milliseconds. In other embodiments, the delay pe-
riod may be omitted. Each of the delay periods may com-
prise a predetermined duration such as about 10 milli-
seconds, or may comprise a random time duration within
a predetermined minimum and maximum time duration,
e.g., a random time duration from about 10 milliseconds
to about 1000 milliseconds. Further, as will be described
below, the duration of the delay period preceding each
microburst 170 may be determined empirically.
[0046] For example, the leftmost (first) microburst 170
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begins after a delay period "D1," the next (or second)
microburst 170 begins after a delay period "D2," and the
third microburst 170 begins after a delay period "D3." The
delay period "D1" may be shorter than the delay periods
"D2" and "D3." Additionally, the delay period "D2" may
be shorter than the delay period "D3." In alternate em-
bodiments, the delay periods "D1," "D2," and "D3" may
be substantially identical. In further embodiments, the
delay period "D1," may be larger than delay period "D2,"
which may be larger than delay period "D3." Embodi-
ments wherein each of the delay periods "D1," "D2," and
"D3" is selected randomly within a specified range of de-
lay values or determined empirically are also within the
scope of the present invention. As will be appreciated by
those of skill in the art, still further embodiments of the
present invention may include a variety of delay period
combinations that can be identified and implemented by
routine experimentation. Each of these is considered to
be within the scope of the present invention. While three
delay periods have been described with respect to Fig.
1, it is apparent to those of ordinary skill that a delay
period may precede each microburst of a pulse burst and
the duration of the delay period may be determined em-
pirically or randomly.
[0047] In various embodiments, the synchronization of
the exogenous electrical signal further comprises not pro-
viding pulses during selected portions of the cardiac cy-
cle, such as periods in the opposite half of the cardiac
and respiratory duty cycles, when the central pathways
are inhibited. Again without being bound by theory, it is
believed that pulses applied to the vagus nerve during
the opposite half of the cardiac and respiratory duty cy-
cles are less effective because endogenous signals in
this part of the cardiac and/or respiratory cycles are less
significant, in terms of their information content, for mod-
ulating those portions of the brain relevant to homeosta-
sis mechanisms implicated in medical conditions such
as epilepsy and depression. Thus, at least a portion of
the asynchronous exogenous electrical signal delivered
by current stimulation algorithms, such as conventional
VNS, may be therapeutically irrelevant.
[0048] Because the exogenous electrical signal is typ-
ically delivered by an implanted device powered by a
battery, the delivery of irrelevant signals may result in
unnecessary battery depletion. Further, the pulse burst
sometimes causes the patient’s vocal cords to contract
causing his/her voice to become horse, which is uncom-
fortable and makes talking difficult. Sometimes, the pulse
burst causes neck pain and may cause cardiac problems.
Therefore, reducing the number of pulses may contribute
to patient comfort and/or safety.
[0049] Synchronizing the microbursts 170 of the exog-
enous electrical signal with each individual QRS wave
portion 174 also tracks the natural variability in vagal af-
ferent activity that occurs during breathing and emotional
shifts. This heart rate variability (HRV) is a function of
respiration and efferent sympathovagal tone. During in-
spiration, the heart rate accelerates and during expiration

it decelerates. Thus, an R-R interval (i.e., the time that
elapses between successive R wave portions 176) ap-
pearing in the ECG is shorter during inspiration and long-
er during expiration, producing HRV. HRV is also known
as respiratory sinus arrhythmia. Additionally, it is well es-
tablished that a larger HRV is associated with greater
physical health, including greater immune function, lower
risk of cardiac arrhythmia, and better mood, than a small-
er HRV.
[0050] HRV is greatly increased during meditation, and
HRV is increased easily by slow, paced breathing. Syn-
chronizing the microbursts 170 of the exogenous electri-
cal signal with each QRS wave portion 174 of the cardiac
cycle utilizes and accentuates the positive association of
HRV with overall bodily health. Further, it helps ensure
that the microbursts 170 of the exogenous electrical sig-
nal are synchronized with variances in the cardiac cycle.
Consequently, it may be beneficial for the patient to begin
paced breathing during the pulse burst. Further, it may
improve the efficacy of the exogenous electrical signal if
the pulse burst is triggered while the patient is performing
paced breathing.
[0051] Referring to FIG. 2A-2B, a suitable electrical
signal generator 200, such as a VNS stimulator, known
in the art has one or more electrodes 220A and 220B
coupled to the vagus nerve for delivering electrical pulses
thereto. In embodiments wherein the microbursts of the
exogenous electrical signal are synchronized with the
cardiac cycle, optionally, the electrical signal generator
200 has the capacity to detect cardiac signals and pro-
duce an ECG trace for the purpose of avoiding the de-
liverance of conventional VNS in the event of cardiac
arrest. In other words, the suitable electrical signal gen-
erator 200 for use with the present invention may include
one or more sensors, such as sensing electrodes 210A
and 210B positioned to detect cardiac electrical signals,
and the onboard capability of analyzing those signals. In
particular, the electrical signal generator 200 may be ca-
pable of identifying the R wave portion of the cardiac
signal. In alternative embodiments, the sensor(s) may
include an acoustic device configured to detect the car-
diac cycle.
[0052] In embodiments wherein the microbursts of the
exogenous electrical signal are synchronized with the
cardiac cycle, the electrical signal generator 200 may be
modified or programmed to deliver the novel exogenous
electrical signal. The modifications include replacing a
more common open-loop or non-feedback stimulation
system with a feedback system utilizing one or more
sensing electrodes 21 0A and 210B to detect the QRS
wave portion 174 of the ECG trace 120 (see FIG. 1). The
modification of the electrical signal generator 200 is ef-
fected by programming the electrical signal generator
200 to initiate a microburst 170 after the elapse of the
delay period, such as delay period "D1", delay period
"D2", or delay period "D3," following the detection of the
QRS wave portion 174. Again, while three exemplary de-
lay periods have been described, a delay period may
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precede each microburst and such embodiments are
within the scope of the present invention. Further, em-
bodiments in which no delay period precedes a micro-
burst are also within scope of the present invention. As
is apparent to those of ordinary skill in the art, embodi-
ments of the electrical signal generator 200 that have the
feedback system for detecting the QRS wave portion 174
without modification are also within the scope of the
present invention.
[0053] FIG. 2B is a block diagram of various compo-
nents of the electrical signal generator 200. The electrical
signal generator 200 may include a programmable cen-
tral processing unit (CPU) 230 which may be implement-
ed by any known technology, such as a microprocessor,
microcontroller, application-specific integrated circuit
(ASIC), digital signal processor (DSP), or the like. The
CPU 230 may be integrated into an electrical circuit, such
as a conventional circuit board, that supplies power to
the CPU 230. The CPU 230 may include internal memory
or memory 240 may be coupled thereto. The memory
240 is a computer readable medium that includes instruc-
tions or computer executable components that are exe-
cuted by the CPU 230. The memory 240 may be coupled
to the CPU 230 by an internal bus 250.
[0054] The memory 240 may comprise random access
memory (RAM) and read-only memory (ROM). The
memory 240 contains instructions and data that control
the operation of the CPU 230. The memory 240 may also
include a basic input/output system (BIOS), which con-
tains the basic routines that help transfer information be-
tween elements within the electrical signal generator 200.
The present invention is not limited by the specific hard-
ware component(s) used to implement the CPU 230 or
memory 240 components of the electrical signal gener-
ator 200.
[0055] The electrical signal generator 200 may also
include an external device interface 260 permitting the
user or a medical professional to enter control com-
mands, such as a command triggering the delivery of the
novel exogenous electrical signal, commands providing
new instructions to be executed by the CPU 230, com-
mands changing parameters related to the novel exog-
enous electrical signal delivered by the electrical signal
generator 200, and the like, into the electrical signal gen-
erator 200. The external device interface 260 may include
a wireless user input device. The external device inter-
face 260 may include an antenna (not shown) for receiv-
ing a command signal, such as a radio frequency (RF)
signal, from a wireless user input device such as a com-
puter-controlled programming wand 800 (see FIG. 7).
The electrical signal generator 200 may also include soft-
ware components for interpreting the command signal
and executing control commands included in the com-
mand signal. These software components may be stored
in the memory 240.
[0056] The electrical signal generator 200 includes a
cardiac signal interface 212 coupled to sensing elec-
trodes 210A and 210B for receiving cardiac electrical sig-

nals. The cardiac signal interface 212 may include any
standard electrical interface known in the art for connect-
ing a signal carrying wire to a conventional circuit board
as well as any components capable of communicating a
low voltage time varying signal received from the sensing
electrodes 210A and 210B through an internal bus 214
to the CPU 230. The cardiac signal interface 212 may
include hardware components such as memory as well
as standard signal processing components such as an
analog to digital converter, amplifiers, filters, and the like.
[0057] The electrical signal generator 200 includes an
exogenous electrical signal interface 222 coupled to elec-
trodes 220A and 220B for delivering the exogenous elec-
trical signal to the vagus nerve. The exogenous electrical
signal interface 222 may include any standard electrical
interface known in the art for connecting a signal carrying
wire to a conventional circuit board as well as any com-
ponents capable of communicating a low voltage time
varying signal generated by the CPU 230 or a signal gen-
erating device controlled by the CPU 230 to the elec-
trodes 220A and 220B through an internal bus 252. The
exogenous electrical signal interface 222 may include
hardware components such as memory as well as stand-
ard signal processing components such as a digital to
analog converter, amplifiers, filters, and the like.
[0058] The various components of the electrical signal
generator 200 may be coupled together by the internal
buses 214, 250, 252, and 254. Each of the internal buses
214, 250, 252, and 254 may be constructed using a data
bus, control bus, power bus, I/O bus, and the like.
[0059] The electrical signal generator 200 may include
instructions 280 executable by the CPU 230 for process-
ing and/or analyzing the cardiac electrical signals re-
ceived by the sensing electrodes 210A and 210B. Addi-
tionally, the electrical signal generator 200 may include
instructions 280 executable by the CPU 230 for gener-
ating an exogenous electrical signal delivered to the
vagus nerve by the electrodes 220A and 220B. These
instructions may include computer readable software
components or modules stored in the memory 240. The
instructions 280 may include a Cardiac Signal Monitoring
Module 282 that generates a traditional ECG trace from
the cardiac electrical signals. The Cardiac Signal Moni-
toring Module 282 may record the ECG trace in the mem-
ory 240.
[0060] As is appreciated by those of ordinary skill in
the art, generating an ECG trace from an analog cardiac
electrical signal may require digital or analog hardware
components, such as an analog to digital converter, am-
plifiers, filters, and the like and such embodiments are
within the scope of the present invention. In one embod-
iment, some or all of these components may be included
in the cardiac signal interface 212. In an alternate em-
bodiment, some or all of these components may be im-
plemented by software instructions included in the Car-
diac Signal Monitoring Module 282. The Cardiac Signal
Monitoring Module 282 may include any method known
in the art for generating an ECG trace from a time varying
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voltage signal.
[0061] As mentioned above, the unmodified electrical
signal generator 200 monitors cardiac electrical signals
for the purposes of detecting a cardiac arrest. The Car-
diac Signal Monitoring Module 282 may be modified to
include instructions for detecting or identifying the R wave
portion of the ECG trace. The R wave portion of the ECG
trace may be detected using any method known in the
art. While the electrical signal generator 200 has been
described as having the Cardiac Signal Monitoring Mod-
ule 282, embodiments in which the functionality of the
Cardiac Signal Monitoring Module 282 is performed by
more than one software component are within the scope
of the present invention.
[0062] The unmodified electrical signal generator 200
generates the exogenous electrical signal used by con-
ventional VNS. The instructions 280 include a Signal
Generation Module 284 for instructing the CPU 230 how
and when to generate the conventional VNS exogenous
electrical signal and deliver it to the vagus nerve via the
electrodes 220A and 220B. The Signal Generation Mod-
ule 284 may be modified to generate the inventive novel
exogenous electrical signal. Specifically, the Signal Gen-
eration Module 284 may be modified to include instruc-
tions directing the CPU 230 to synchronize the micro-
bursts of the exogenous electrical signal with the R wave
portion of the ECG trace. The Signal Generation Module
284 may determine the values of the various parameters
used to define the novel exogenous electrical signal
based on simulating the endogenous afferent activity of
the vagus nerve as described herein. Alternatively, the
values of the various parameters may be stored in the
memory 240 and used by the Signal Generation Module
284 to generate the novel exogenous electrical signal.
The various parameters may be entered into the memory
240 by the external device interface 260 which permits
the user or medical professional to enter control com-
mands, including commands changing parameters relat-
ed to the novel exogenous electrical signal delivered by
the electrical signal generator 200, and the like, into the
electrical signal generator 200.
[0063] While the electrical signal generator 200 has
been described as having the Signal Generation Module
284, embodiments in which the functionality of the Signal
Generation Module 284 is performed by more than one
software component are within the scope of the present
invention.
[0064] Examples of suitable electrical signal genera-
tors for use with the present invention include a model
103 VNS stimulator (formally referred to as the Gen39)
produced by Cyberonics, Inc. (Houston, TX), model 104
VNS stimulator also produced by Cyberonics, Inc., and
the like. The analog recording and ECG recognition ca-
pacity of these VNS stimulators enable their onboard
processor to be programmed to produce pulse bursts of
vagal stimulation having the desired parameters at var-
iable delay periods following the detection of the R-wave
of the ECG. The delay periods may comprise a prede-

termined, programmable duration such as about 10 mil-
liseconds, or may comprise a random time duration within
a predetermined programmable minimum and maximum
time duration, e.g., a random time duration from about
10 milliseconds to about 1000 milliseconds. The prede-
termined, programmable duration(s) of the delay peri-
od(s) may be determined empirically using methods de-
scribed below.
[0065] While a relatively sophisticated embodiment of
the electrical signal generator 200 is described above,
those of ordinary skill appreciate that simpler devices,
such as a device configured to deliver the exogenous
electrical signal asynchronously (i.e., an exogenous
electrical signal having microbursts that are not synchro-
nized with the cardiac cycle) are also within the scope of
the present invention. The electrical signal generator 200
may provide an asynchronous exogenous electrical sig-
nal having microbursts spaced at regular or variable in-
tervals. For example, the microbursts may occur at least
every 100 milliseconds or at the microburst frequency of
about 0.25 Hz to about 10 Hz. The pulses within the mi-
crobursts may be spaced at regular or variable intervals.
Further, less sophisticated embodiments of the electrical
signal generator 200 include electrical signal generators
that are pre-programmed with the exogenous electrical
signal parameters (e.g., pulse width, pulse frequency,
interpulse interval(s), microburst frequency, number of
pulses in the microbursts, etc.) before implementation
and may retain those pre-programmed parameter values
throughout the functional life of the electrical signal gen-
erator. Alternatively, electrical signal generators config-
ured to generate an asynchronous exogenous electrical
signal may be programmable after implementation. For
example, the computer-controlled programming wand
800 (see FIG. 7) may be used in the manner described
above to program such electrical signal generators. As
is readily apparent to those of ordinary skill, the present
invention is not limited by the particular electrical signal
generator used to generate the inventive exogenous
electrical signal.
[0066] In one aspect, the microbursts of the exogenous
electrical signal may be delivered following every detect-
ed R-wave occurring within a predetermined pulse burst
period, i.e., the period of time during which the exogenous
electrical signal is generated. In another embodiment,
the microbursts may be applied to the vagus nerve only
during the inspiratory phase. This may be implemented
by programming the electrical signal generator 200 to
apply a microburst only on the shortening R-R intervals
during HRV, i.e., only on an R-wave having an R-R in-
terval less than the preceding R-R interval, or less than
a moving average for several R-R intervals, e.g., less
than a 5 or 10 R-R interval moving average. In further
embodiments, the electrical signal generator 200 may
include a sensor, such as a strain gauge or acoustic de-
vice, that detects various biometric parameters such as
heartbeat and the respiratory cycle. For example, a strain
gauge may be used to determine inspiration is occurring
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by identifying when the chest is expanding. The invention
is not limited by the method used to determine inspiration
is occurring, the R-R interval, and/or whether the R-R
intervals are shortening for the purposes of determining
inspiration is occurring.
[0067] The timing parameters defining how the micro-
bursts of the exogenous electrical signal are synchro-
nized with the cardiac cycle for maximal therapeutic ef-
ficacy may be determined empirically, and according to
particular embodiments, are individually optimized for
each patient (as described below). In alternate embodi-
ments, patients may perform paced breathing, e.g., tak-
ing a breath at a frequency of about 0.1 Hz, during periods
when the exogenous electrical signal is being delivered
to the vagus nerve, to facilitate or increase the amount
of HRV.
[0068] In further embodiments, the various parameters
of the cardiac cycle synchronized exogenous electrical
signal may be varied, including without limitation the du-
ration of the pulse burst, the delay period(s) following R-
wave detection, the number of pulses comprising a mi-
croburst, the interpulse interval (i.e., the amount of time
separating one pulse from an adjacent pulse), and the
inter-microburst interval (i.e., the amount of time between
successive microbursts). Further, these parameters may
be selectively associated with particular R-waves of the
respiratory cycle, depending on the length of each pre-
ceding R-R-interval. In various embodiments, these pa-
rameters are empirically optimized for each patient.
[0069] In another aspect of the present invention, a
method of providing an exogenous electrical signal ca-
pable of inducing a much larger vagal evoked potential
(VEP) than that induced by conventional VNS is provid-
ed. The exogenous electrical signal provided to the vagus
nerve comprises a pulse burst including a series of mi-
crobursts. As described above the inter-microburst inter-
val may be determined by the cardiac cycle.
[0070] An example of a portion of a pulse burst 300
used in conventional VNS may be viewed in FIG. 3A.
The pulse burst 300 includes a plurality of uniformly
spaced apart pulses 302 occurring about every 20 milli-
seconds to about every 50 milliseconds, i.e., occurring
at a frequency of about 20 Hz to about 50 Hz. A conven-
tional pulse burst, such as pulse burst 300 may have a
pulse burst duration of about 7 seconds to about 60 sec-
onds (resulting in a pulse burst having from about 140 to
about 3000 pulses or more). Each pulse 302 may have
a width or duration of about 50 microseconds to about
1000 microseconds (msec) and a pulse current of about
0.1 mA to about 8 mA.
[0071] The pulse burst 300 may be separated from a
pulse burst identical to pulse burst 300 by an interburst
interval of about 5 min. Sometimes, an interburst interval
of about 30 min. or about 60 min. is used. In further im-
plementations, the pulse burst 300 is triggered by the
onset of a medical event, such as a seizure, or is triggered
by the user or a medical professional. In such embodi-
ments, the interburst interval varies.

[0072] FIG. 3B provides a trace 304 of the potential
measured in the monkey thalamus while the conventional
pulse burst 300 (see FIG. 3A) of uniformly spaced pulses
302 having an interpulse interval of 4 seconds was ap-
plied to the vagus nerve. The trace 304 shows the po-
tential inside the thalamus immediately after each of the
pulses 302 is delivered to the vagus nerve. An increased
VEP 305 occurs after the first pulse 302. However, as
illustrated by FIG. 3B, little to no increased VEP is ob-
served after the successive pulses 302 in the series. The
average potential inside the thalamus observed over 20
pulses is provided by a topmost trace 320 in FIG. 4A.
The VEP is the difference between a minimum average
potential in the trace 320 observed after an averaged
pulse portion 303 of the trace 320 and a maximum aver-
age potential in the trace 320 observed after the averaged
pulse portion 303 of the trace 320. However, as illustrated
in the trace 320, the minimum and the maximum poten-
tials are not clearly identifiable.
[0073] Referring to FIG. 3C, a portion of a pulse burst
400 of the exogenous electrical signal constructed in ac-
cordance with the present invention is provided. As is
apparent to those of ordinary skill, unlike the uniformly
spaced pulses 302 of the pulse burst 300, the pulses 402
and 404 of the pulse burst 400 are patterned or structured
within the pulse burst 400. Specifically, the pulses 402
and 404 are arranged into microbursts 41 0A, 410B, and
410C. In the embodiment depicted in FIG. 3C, each of
the microbursts 410A, 410B, and 410C includes the pulse
402 followed by the pulse 404. Each of the individual
pulses 402 and 404 in the pulse burst 400 resemble the
pulses 302 of the conventional VNS pulse burst 300 and
have a pulse width of about 50 microseconds to about
1000 microseconds (msec) and a pulse current of about
0.25 mA to about 8 mA. In particular embodiments, the
pulse current is less than about 2 mA.
[0074] While the individual pulses 402 and 404 in the
pulse burst 400 resemble the pulses 302 of the conven-
tional VNS pulse burst 300 (i.e., each has a pulse width
of about 50 microseconds to about 1000 microseconds
(msec) and a pulse current of about 0.25 mA to about 8
mA) the number of pulses 402 and 404 in the pulse burst
400 is markedly smaller than the number of pulses 302
in the pulse burst 300, assuming the pulse burst 400 has
the same duration as the pulse burst 300. As mentioned
above, the conventional pulse burst 300 may have a
pulse burst duration of about 7 seconds to about 60 sec-
onds and a pulse frequency of about 20 Hz to about 50
Hz, resulting in a pulse burst having from about 140 to
about 3000 pulses or more. If the pulse burst 400 has a
duration of about 7 seconds to about 60 seconds, and
the microbursts are delivered every 0.5 seconds, roughly
corresponding to the interval between heart beats during
inspiration, the pulse burst 400 will have about 30 pulses
to about 242 pulses.
[0075] As mentioned above, reducing the number of
pulses delivered to the vagus nerve may help prolong
battery life as well as improve patient comfort and safety.
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Further, patterning the pulses of the pulse burst 400 into
microbursts, such as microbursts 41 0A, 410B, and 410C
increases the VEP observed in the brain. Because the
VEP is increased, the current amplitude may be reduced,
further increasing patient comfort and/or safety. The in-
creased VEP may also improve the therapeutic effects
of the exogenous electrical signal.
[0076] Referring to FIG. 3D, a trace 306 illustrating the
average potential inside the monkey thalamus observed
over a series of 20 microbursts, each having a series of
four pulses with a 3 milliseconds interpulse interval sep-
arating the pulses, is provided. The microbursts of FIG.
3D are separated by a 4 second inter-microburst interval.
The VEP is the difference between a minimum 307 in the
trace 306 observed after an averaged microburst portion
309 of the trace 306 and a maximum 308 in the trace 306
observed after the averaged microburst portion 309 of
the trace 306. The difference between the minimum 307
and the maximum 308 of the trace 306 is clearly larger
than the difference between the unidentifiable minimum
and the unidentifiable maximum of the trace 320 (see
FIG. 4A and the pulse intervals after the third pulse in
FIG. 3B). Therefore, without changing any parameters
other than the number of pulses delivered every 4 sec.,
i.e., delivering a microburst instead of a single pulse, the
VEP potential can be increased or enhanced.
[0077] The pulses 402 and 404 within the first micro-
burst 410A are separated by an interpulse interval "P1A."
The pulses 402 and 404 within the second microburst
410B are separated by an interpulse interval "P1B." The
pulses 402 and 404 within the third microburst 410C are
separated by an interpulse interval "P1C." In most cases,
the interpulse intervals "P1A," "P1B,"and "P1C" separat-
ing the pulses 402 and 404 are shorter than the interpulse
intervals between the pulses 302 used in conventional
VNS therapy. The first interpulse interval "P1A" may
range from about one millisecond to about 50 millisec-
onds. Typically, the first interpulse interval "P1A" may
range from about 2 milliseconds to about 10 milliseconds.
In some embodiments, Typically, the first interpulse in-
terval "P1A" may range from about 3 milliseconds to
about 10 milliseconds. In various embodiments, the in-
terpulse interval "P1B" may be substantially equal to the
interpulse interval "P1A." Subsequent interpulse inter-
vals occurring after the interpulse interval "P1B," such as
interpulse interval "P1C," may be substantially equal to
the interpulse interval "P1B." In alternate embodiments,
the interpulse interval "P1A" may be larger than the in-
terpulse interval "P1B," which may be larger than the in-
terpulse interval "P1C." In further embodiments, the in-
terpulse interval "P1A" may be smaller than the interpulse
interval "P1B," which may be smaller than the interpulse
interval "P1C." In various embodiments, the interpulse
intervals "P1A," "P1B," and "P1C" may be selected ran-
domly from a predetermined range of interpulse interval
values. In further embodiments, the interpulse intervals
may be variable and determined empirically, as de-
scribed below.

[0078] The first microburst 410A is separated from the
microburst 410B by an inter-microburst interval "P2."
Each microburst may be considered an event occurring
at a microburst frequency (i.e., the inverse of the sum of
the inter-microburst interval "P2" and the duration of the
microburst). The microburst frequency may range from
about 0.25 Hz to about 10 Hz. It may be beneficial to use
a microburst frequency that approximates the R-R cycle
of the patient.
[0079] In various embodiments, the pulses within a mi-
croburst may be patterned or structured. For example,
referring to FIG. 1, the portion of the pulse burst 130 is
provided. The pulse burst 130 includes five microbursts
170, each triggered by the R-wave portion 176 of the
cardiac cycle depicted in the ECG trace 120. Each mi-
croburst 170 includes four pulses 182, 184, 186, and 188.
The first pulse 182 begins after the predetermined delay
time "D1" has elapsed following the identification of the
R-wave portion 176. The pulse 184 follows the pulse 182
after a first interpulse delay has elapsed. Then, after a
second interpulse interval, the pulse 186 is generated.
Finally, after a third interpulse interval, the pulse 188 is
generated. In the embodiment depicted in FIG. 1, the
interpulse intervals increase in duration along the series
of pulses. However, the interpulse intervals may be de-
termined empirically and individualized for each patient.
While each microburst 170 in FIG. 1 has only four pulses,
microbursts 170 having 2 to 20 pulses, and consequently
1 to 19 interpulse intervals, are within the scope of the
present invention. In some embodiments, the micro-
bursts 170 may have 2 to 15 pulse, or alternatively, 3 to
6 pulses.
[0080] In various embodiments, the pulse burst 400
may be separated from a pulse burst identical to pulse
burst 400 or a dissimilar pulse burst by an interburst in-
terval of about 5 minutes to about 240 minutes. Alterna-
tively, the interburst interval may be about 200 millisec-
onds to about 24 hours. In further embodiments, the pulse
burst is applied continuously. The pulse burst may have
a duration of about 100 milliseconds to about 60 minutes.
In various embodiments, the pulse burst duration is de-
termined empirically for a particular patient and/or med-
ical condition. In further embodiments, the pulse burst
400 is triggered by the onset of a medical event, such as
a seizure, or is triggered by the user or a medical profes-
sional. In such embodiments, the interburst interval var-
ies. Optionally, the pulse burst 400 may be terminated
automatically by the onset of a medical event, such as
cardiac arrest, or manually the user or a medical profes-
sional. In such embodiments, the pulse burst duration
varies.
[0081] Pulses, such as pulses 182, 184, 186, and 188,
arranged into microbursts, such as microburst 170, are
capable of evoking an enhanced vagal evoked potential
(eVEP) in the patient’s brain that is significantly greater
than an VEP evoked by conventional VNS (see FIG. 3A).
However, this eVEP may attenuate as the number of
pulses within a microburst increases beyond an optimal
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number of pulses. Framed a little differently, the eVEP
attenuates as the microburst duration increases beyond
an optimal duration. Thus, for example, where a micro-
burst exceeds 2 pulses to 5 pulses, the eVEP begins to
diminish, and if more than 20 pulses are provided, the
eVEP essentially disappears. This may be observed in
FIG. 3E.
[0082] Referring to the top row of FIG. 3E, traces 370,
372, and 374 illustrate the average potential inside the
monkey thalamus averaged over a series of 20 micro-
bursts, each having a series of pulses separated by an
interpulse interval of 3 milliseconds. The microbursts of
FIG. 3E are separated by a 4 second inter-microburst
interval. The number of pulses within the microbursts in-
crease from left to right. In the leftmost trace 370, the
microbursts had 2 pulses each. In the center trace 372,
the microbursts had 5 pulses each. And, in the rightmost
trace 374, the microbursts had 9 pulses each. Again, the
VEP observed in each trace, is the difference between
a minimum in the trace observed after an averaged mi-
croburst portion (appearing at the left of the trace) and a
maximum in the trace observed after the averaged mi-
croburst portion of the trace. The top row clearly illus-
trates that using these parameters, microbursts having
5 pulses produce a larger VEP than microbursts having
2 pulses. However, microbursts having 9 pulses produce
a smaller VEP than microbursts having 5 pulses.
[0083] Referring to the middle row of FIG. 3E, traces
380, 382, and 384 illustrate the average potential inside
the monkey thalamus averaged over a series of 20 mi-
crobursts, each having a series of pulses separated by
an interpulse interval of 6 milliseconds. In the leftmost
trace 380, the microbursts had 2 pulses each. In the cent-
er trace 382, the microbursts had 3 pulses each. And, in
the rightmost trace 384, the microbursts had 6 pulses
each. The middle row clearly illustrates that using these
parameters, microbursts having 3 pulses produce a larg-
er VEP than microbursts having 2 pulses. However, mi-
crobursts having 6 pulses produce a smaller VEP than
microbursts having 3 pulses.
[0084] Referring to the bottom row of FIG. 3E, traces
390, 392, and 394 illustrate the average potential inside
the monkey thalamus averaged over a series of 20 mi-
crobursts, each having a series of pulses separated by
an interpulse interval of 9 milliseconds. In the leftmost
trace 390, the microbursts had 2 pulses each. In the cent-
er trace 392, the microbursts had 3 pulses each. And, in
the rightmost trace 394, the microbursts had 5 pulses
each. The bottom row clearly illustrates that using these
parameters, microbursts having 3 pulses produce a larg-
er VEP than microbursts having 2 pulses. However, mi-
crobursts having 5 pulses produce a smaller VEP than
microbursts having 3 pulses.
[0085] Referring to the leftmost column of FIG. 3E,
traces 370, 380, and 390 illustrate the facilitation the first
pulse provides to the second pulse of the microburst. The
traces 372, 382, and 392 in the rightmost column of FIG.
3E illustrate additional facilitation provided by adding ad-

ditional pulses to the microburst. However, the traces
374, 384, and 394 in the rightmost column of FIG. 3E
illustrate that if the duration of the microbursts is too long,
the microburst extends into an inhibitory period of neural
activity reducing the VEP observed in the thalamus of
the monkey. Consequently, the VEP may be improved
and/or optimized by the selection of the number of pulses
of the microbursts.
[0086] It may be helpful to define a microburst by its
duration rather than the number of pulses. Experimental
results related to optimizing microburst duration are illus-
trated in FIG. 3E and 4B. For example, ignoring the pulse
widths, FIG. 3E illustrates that the VEP begins to decline
when the sum of the interpulse intervals within a single
microburst exceeds about 30 milliseconds. Consequent-
ly, for the monkey, the optimal sum of the interpulse in-
tervals within a single microburst may be less than 30
milliseconds and in some embodiments, less than 20 mil-
liseconds. The data of FIG. 3E further indicates, a range
of about 12 milliseconds to about 18 milliseconds may
be used. Human beings are larger and have a heart rate
that is roughly half (about 180 beats/minute for the mon-
key and about 70 beats/minute for a human). Therefore,
one of ordinary skill will recognize that by doubling the
sum of the interpulse intervals, the sum of the interpulse
intervals may be converted for use with a human. Based
on this rough approximation, for humans, the optimal sum
of the interpulse intervals within a single microburst may
be less than 80 milliseconds and in some embodiments,
the sum may be less than 60 milliseconds. In further em-
bodiments, the sum of the interpulse intervals within a
single microburst may be less than about 40 milliseconds
and preferably about 12 milliseconds to about 40 milli-
seconds. In some embodiments, the sum of the inter-
pulse intervals within a single microburst may be about
10 milliseconds to about 80 milliseconds. One of ordinary
skill in the art will also recognize alternate methods of
converting the sum of the interpulse intervals determined
in the experimental monkey data for use with a human
and that such embodiments are within the scope of the
present invention. Further, the sum of the interpulse in-
tervals for use with a human may be determined empir-
ically using the empirical method described below.
[0087] Generally, the microburst duration (i.e., the sum
of the interpulse intervals and the pulse widths within a
microburst) may be less than about one second. In par-
ticular embodiments, the microburst duration may be less
than about 100 milliseconds. In particular embodiments,
microbursts having a duration of about 4 milliseconds to
about 40 milliseconds may be used.
[0088] Referring to the top row of FIG. 3F, traces 391,
393, and 395 illustrate the average potential inside the
monkey thalamus averaged over a series of 20 micro-
bursts, each having a series of pulses separated by an
interpulse interval of about 9 milliseconds. The micro-
bursts used to create the traces 391, 393, and 395 are
separated by about a 6 second, about a 2 second, and
about a 0.5 second inter-microburst interval, respective-
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ly. While the VEP in the trace 395 is less than the VEP
in the other two traces 393, and 395, the trace 395 illus-
trates that the eVEP is present at the rate the QRS wave
occurs in the cardiac cycle during inspiration, i.e., about
once every 0.5 second. Consequently, microbursts syn-
chronized with the QRS wave during inspiration may pro-
duce eVEP in the thalamus and other brain structures in
electrical communication therewith. Other parameters,
such as interpulse interval(s), delay period(s), pulse cur-
rent amplitude, pulse width, pulse burst duration, and the
like may be adjusted to improve and/or optimize the VEP.
[0089] To maintain the eVEP, the present invention
provides a microburst having only a small number of puls-
es as well as an inter-microburst interval that serves as
a period during which the vagus nerve (and/or brain struc-
tures in communication therewith) may recover from the
microburst. Providing an appropriate inter-microburst in-
terval helps ensure that the succeeding microburst in the
pulse burst of the exogenous electrical signal is capable
of generating the eVEP. In some embodiments, the inter-
microburst interval is as long as or longer than the dura-
tion of the microburst. In another embodiment, the inter-
microburst interval is at least 100 milliseconds. In further
embodiments, the inter-microburst interval may be as
long as 4 seconds or 6 seconds. In some embodiments,
the inter-microburst interval may be as long as 10 sec-
onds. Each microburst comprises a series of pulses that,
in some embodiments, are intended to mimic the endog-
enous afferent activity on the vagus nerve. In one em-
bodiment, the microburst may simulate the endogenous
afferent vagal action, such as the action potentials asso-
ciated with each cardiac and respiratory cycle.
[0090] The central vagal afferent pathways involve two
or more synapses before producing activity in the fore-
brain. Each synaptic transfer is a potential site of facili-
tation and a nonlinear temporal filter, for which the se-
quence of inter-microburst intervals and/or interpulse in-
tervals within a microburst can be optimized. Without be-
ing bound by theory, it is believed that the use of micro-
bursts enhances VNS efficacy by augmenting synaptic
facilitation and "tuning" the input stimulus train to maxi-
mize the forebrain evoked potential.
[0091] FIG. 4A-4C illustrate the effects of modifying
the various parameters of the exogenous electrical signal
on the VEP measured in the thalamus of a monkey. FIG.
4A illustrates the effects of varying the number of pulses
in a microburst. FIG. 4B illustrates the effects of varying
the interpulse interval between the pulses of a microburst
having only two pulses. FIG. 4C illustrates the effects of
varying the inter-microburst interval between adjacent
microbursts having only two pulses each.
[0092] The topmost trace 320 of FIG. 4A provides the
average potential (after 20 pulses) measured in the mon-
key thalamus while a pulse burst of uniformly spaced
apart pulses having an interpulse interval of 4 seconds
was applied to the vagus nerve.
[0093] A trace 340 of FIG. 4A depicts the average po-
tential (after 20 microbursts) measured in the monkey

thalamus while a pulse burst having microbursts of two
pulses each was applied to the vagus nerve. The inter-
microburst interval was about 4 seconds and the inter-
pulse interval was about 3 milliseconds. The VEP (i.e.,
the difference between the minimum and maximum po-
tentials observed after each microburst) is noticeably im-
proved in the trace 340 when compared with the VEP of
the trace 320.
[0094] A trace 350 depicts the average potential (after
20 microbursts) measured in the monkey thalamus while
a pulse burst having microbursts of three pulses each
was applied to the vagus nerve. The inter-microburst in-
terval was about 4 seconds and the interpulse interval
was about 3 milliseconds. The VEP is noticeably im-
proved in the trace 350 when compared with the VEP of
the trace 340.
[0095] A trace 360 depicts the average potential (after
20 microbursts) measured in the monkey thalamus while
a pulse burst having microbursts of four pulses each was
applied to the vagus nerve. The inter-microburst interval
was about 4 seconds and the interpulse interval was
about 3 milliseconds. The VEP is noticeably improved in
the trace 360 when compared with the VEP of the trace
350.
[0096] Referring to FIG.4B, the effect of the interpulse
interval on the VEP is illustrated. Traces 500, 510, 520,
530, and 540 depict the average potential (after 20 mi-
crobursts) measured in the monkey thalamus while a
pulse burst having microbursts of two pulses each, sep-
arated by an inter-microburst interval of 4 sec. was ap-
plied to the vagus nerve. The interpulse intervals were
about 40 milliseconds, about 20 milliseconds, about 10
milliseconds, about 6.7 milliseconds, and about 3 milli-
seconds for the traces 500, 510, 520, 530, and 540, re-
spectively. The VEP is barely visible in the trace 500.
The VEP is noticeably improved in the trace 510 when
compared with the VEP of the trace 500. The VEP is
noticeably improved in the trace 520 when compared with
the VEP of the trace 510. The VEP is noticeably improved
in the trace 530 when compared with the VEP of the trace
520. However, the VEP in the trace 540 is noticeably less
than the VEP 534 of the trace 530.
[0097] Referring to FIG. 4C, the effect of the inter-mi-
croburst interval on the VEP is illustrated. Traces 600,
610, 620, 630, and 640 depict the average potential (after
20 microbursts) measured in the monkey thalamus while
a pulse burst having microbursts of two pulses each, the
pulses being separated by an interpulse interval of 6.7
milliseconds. was applied to the vagus nerve. The inter-
microburst intervals corresponded to the microbursts oc-
curring at a microburst frequency of about 10 Hz, about
3 Hz, about 1 Hz, about 0.3 Hz, and about 0.25 Hz for
the traces 600, 610, 620, 630, and 640, respectively. The
VEP is barely visible in the trace 600. Because the inter-
microburst internal was sufficiently short, the trace 600
shows a second microburst artifact 606 to the right of the
first microburst artifact 602. The VEP is noticeably im-
proved in the trace 610 when compared with the VEP of
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the trace 600. The VEP is noticeably improved in the
trace 620 when compared with the VEP of the trace 610.
The VEP is noticeably improved in the trace 630 when
compared with the VEP of the trace 620. However, the
VEP in the trace 640 is noticeably less than the VEP in
the trace 630.
[0098] As depicted in FIG. 4A-4C, the VEP is enor-
mously enhanced (resulting in eVEP) and optimized by
using a microburst of pulses (two or more, FIG. 4A) at
appropriate interpulse intervals (in this case, 6.7 millisec-
onds was optimal for the first interpulse interval, shown
in FIG. 4B) and at a inter-microburst interval (i.e., micro-
burst frequency) that approximates the R-R cycle (i.e.,
the frequency at which the R wave portion appears in the
ECG trace) of the monkey (in this case, about 0.3 Hz, as
shown in FIG. 4C).
[0099] The experimental results depicted in FIG. 3D-
3F and 4A-4C were obtained using a pulse burst including
microbursts that were not synchronized with the cardiac
cycle. In additional experiments, the effect of synchro-
nizing the pulse bursts with the cardiac cycle was shown.
Specifically, a single pulse was delivered at various times
following every third R-wave. The VEP values obtained
were then correlated with respiration. With respect to syn-
chronization with the cardiac cycle, the experiments
showed that the largest VEP was obtained when the
pulse was delivered within 250 milliseconds after the in-
itiation of a breath (which is accompanied by a decrease
in the R-R interval). With respect to the delay period, the
experiments showed that the greatest improvement in
the VEP was obtained when the pulse was delivered
about 400 milliseconds after the R-wave.
[0100] Additionally, the experimental data showed that
by timing the pulse properly, an improvement in efficacy
on the order of a factor of ten was obtained. Specifically,
when the pulse was delivered about 0.5 seconds to about
1.0 second following the initiation of respiration and within
50 milliseconds following the R-wave, the VEP had a
peak-to-peak amplitude of about 0.2 mV to about 0.4 mV.
In contrast, when the pulse was delivered about 250 mil-
liseconds after the initiation of inspiration and about 400
milliseconds following the R-wave, the VEP had a peak-
to-peak amplitude of about 1.2 mV to about 1.4 mV. At
maximum, this corresponds to about a seven-fold im-
provement in the VEP. These data show that by synchro-
nizing the stimulation with respect to the cardiorespira-
tory cycles of the monkey, the efficacy of the stimulus
pulse can be greatly improved over that of asynchronous
stimulus delivery. These measurements were made in a
monkey under deep anesthesia. Consequently, those of
ordinary skill would expect an even greater effect in an
awake human.
[0101] The use of pairs of pulses is a standard physi-
ological tool for producing central responses by stimula-
tion of small-diameter afferent fibers. However, accord-
ing to the present invention, a pulse burst including mi-
crobursts of pulses having an appropriate sequence of
interpulse intervals enormously enhances the effect of

VNS. By selecting the appropriate signal parameters
(e.g., pulse width, pulse frequency, interpulse interval(s),
microburst frequency, microburst duration, number of
pulses in the microbursts, etc.), the exogenous electrical
signal applied to the vagus nerve may comprise a series
of microbursts that each provide an eVEP.
[0102] As illustrated in FIG. 4A and 3E, a microburst
duration greater than about 10 milliseconds (correspond-
ing to 4 pulses having an interpulse interval of about 3
milliseconds.) produces a maximal eVEP in the thalamus
of the monkey and an interpulse interval of about 6 mil-
liseconds to about 9 milliseconds produces maximal fa-
cilitation by the first pulse of the second pulse. Accord-
ingly, a brief microburst of pulses with a total duration of
about 10 milliseconds to about 20 milliseconds and hav-
ing an initial interpulse interval of about 6 milliseconds to
about 9 milliseconds and subsequent intervals of similar
or longer duration may produce an optimal VEP. This is
because such microbursts of pulses simulate the pattern
of naturally occurring action potentials in the small-diam-
eter afferent vagal fibers that elicit the central response
that the present enhanced and optimized therapy is most
interested in evoking (see below). Selection of an appro-
priate inter-microburst interval to separate one micro-
burst from the next may be performed experimentally,
although as previously noted, a period of at least 100
milliseconds (preferably at least 500 milliseconds, and
more preferably at least one second) and at least equal
to the microburst duration may be desirable.
[0103] The most effective sequence of interpulse in-
tervals will vary with the patient’s HRV (cardiac and res-
piratory timing) and also between individual patients, and
thus, in some embodiments, the parameters of the ex-
ogenous electrical signal, such as the number of pulses
in a microburst, the interpulse interval(s), the inter-micro-
burst interval(s), the duration of the pulse burst, the delay
period(s) between each QRS wave and a microburst, the
current amplitude, the QRS waves of the cardiac cycle
after which a microburst will be applied, the pulse width,
and the like may be optimized for each patient. As a
standard microburst sequence for initial usage, a micro-
burst of 2 or 3 pulses having an interpulse interval of
about 5 milliseconds to about 10 milliseconds may be
used to approximate the short burst of endogenous post-
cardiac activity.
[0104] The inter-microburst interval may be deter-
mined empirically by providing microbursts with a steadily
decreasing inter-microburst interval until the eVEP be-
gins to decline. In some embodiments, the interpulse in-
terval varies between the pulses. For example, the inter-
pulse interval may increase between each successive
pulse in the microburst, simulating the pattern of a de-
celerating post-synaptic potential, as illustrated in FIG.
1. In alternative embodiments, the interpulse intervals
may decrease between each successive pulse in the mi-
croburst, or may be randomly determined within a pre-
selected range, e.g., about 5 milliseconds to about 10
milliseconds. Alternatively, the interpulse interval may re-
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main constant between successive pulses in the micro-
burst (i.e., providing a simple pulse train). Further, in a
method described below, the interpulse intervals may be
specified between each successive pair of pulses using
the VEP determined by an EEG. These modifications to
the conventional VNS methodology produce a significant
enhancement of VNS efficacy that is applicable to all VNS
protocols and to many different medical conditions, in-
cluding disorders of the nervous system.
[0105] As noted above, the stimulation parameters
(e.g., interpulse interval(s), inter-microburst interval(s),
number of pulses per microburst, etc.) may be individu-
ally optimized for each patient. The optimization is ac-
complished by using surface electrodes to detect a far-
field VEP, originating in the thalamus and other regions
of the forebrain, and varying the stimulus parameters to
maximize the VEP detected. As illustrated in FIG. 5,
standard EEG recording equipment 700 and a 16-lead
or a 25-lead electrode placement 710 of the EEG surface
electrodes 712, such as that typically used clinically for
recording somatosensory or auditory evoked potentials,
enables the VEP present in the patient’s forebrain to be
detected, using VNS stimulus microburst timing to syn-
chronize averages of about 8 epochs to about 12 epochs.
The EEG recording equipment 700 may be used to pro-
duce continuous EEG waveforms 720 and recordings
730 thereof. By testing the effects of varying the param-
eters of the exogenous electrical signal, the VEP can be
optimized for each patient.
[0106] The exogenous electrical signal used to deliver
VNS is optimized in individual patients by selecting stim-
ulus parameters that produce the greatest effect as
measured by EEG surface electrodes 740. The pulse
current amplitude and pulse width is first optimized by
measuring the size of the VEP elicited by individual puls-
es (and not microbursts). The number of pulses, inter-
pulse intervals, and inter-microburst intervals are then
optimized (using the current amplitude and pulse width
determined previously) by measuring the magnitude of
the VEP evoked by the microbursts, as well as the effects
on de-synchronization in the continuous EEG recordings.
It may be desirable to determine the number of pulses
first and then determine the interpulse intervals between
those pulses. In alternate embodiments, it may be desir-
able to determine the number of pulses first, followed by
the microburst duration, and lastly, the interpulse inter-
vals between the pulses.
[0107] Because the large eVEPs recorded in the tha-
lamus, striatum, and insular cortex of the anesthetized
monkey and shown in FIG. 4A-4C, are large enough that
if evoked in a human patient, the eVEPs are observable
in a standard EEG detected using electrodes adjacent
to the human patient’s scalp, the standard EEG may be
used to indicate the effects of modifications to the signal
parameters of the exogenous electrical signal. In this
manner, the EEG may be used to optimize or tune the
signal parameters of the exogenous electrical signal em-
pirically. For a human patient, this method provides a

safe and non-invasive way to customize the various sig-
nal parameters for the patient and/or the treatment of the
patient’s medical condition.
[0108] The eVEP recorded in the right thalamus and
right striatum is significant for the anti-epileptic effects of
VNS, whereas the eVEP recorded in the left insular cortex
is most significant for the anti-depression effects of VNS.
By using regional EEG localization on the right or left
frontal electrodes, the signal parameters of the exoge-
nous electrical signal may be optimized appropriately to
achieve an eVEP in the appropriate region of the individ-
ual patient’s brain. Further, the magnitude of the meas-
ured VEP may be appropriately tuned for the patient.
[0109] The optimal exogenous electrical signal param-
eters for eliciting eVEPs from these two areas (right tha-
lamus/striatum and left insular cortex, respectively) may
differ. Both eVEPs are identifiable using known EEG re-
cording methods in awake human patients. Therefore,
EEG recordings made using these methods may be used
to evaluate the eVEP in the appropriate area. The EEG
recording may be used to collect samples of the eVEP
in the appropriate area(s) and those samples may be
used easily for a parametric optimization, in a patient
suffering from a disorder of the nervous system such as
epilepsy or depression. Similarly, the exogenous electri-
cal signal parameters used for HRV-synchronization may
be selected based on their effects on the VEP and on
the heartbeat-related evoked potential both of which may
be measured using known noninvasive EEG recording
methods that use EEG electrodes attached to the pa-
tient’s scalp.
[0110] Referring to FIG. 6, an exemplary EEG is pro-
vided. A pair of traces 810 and 812 correspond to the
potential present in the left striatum and left insular cortex
and a pair of traces 820 and 822 correspond to the po-
tential present in the left striatum and left insular cortex.
While the same traces 810, 812, 820 and 822 depict the
potential present in striatum and insular cortex, the po-
tential in the striatum may be distinguished from the po-
tential in the insular cortex by its timing. Experiments
have shown that pulses applied to the vagus nerve reach
the parafascicular nucleus in the thalamus in about 18
milliseconds and the basal portion of the ventral medial
nucleus in about 34 milliseconds. The parafascicular nu-
cleus then projects the stimulus to the striatum and the
basal portion of the ventral medial nucleus projects the
stimulus to the insular cortex. Consequently, the potential
evoked by the pulse burst in the striatum will appear in
the traces 810, 812, 820 and 822 before the potential
evoked in the insular cortex. By analyzing the traces 810,
812, 820 and 822, the potential inside the striatum and/or
the insular cortex may be observed and the signal pa-
rameter used to generate those potentials modified to
enhance and/or optimize those potentials.
[0111] In FIG. 6, the strong VEP shown in traces 820
and 822 corresponding to the right thalamus and the right
striatum (or basal ganglia) is associated with the anti-
epileptic effects of VNS. As mentioned above, distin-
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guishing the right thalamus from the right insular cortex
may be accomplished by analyzing the timing of the
eVEP observed in the traces 820 and 822. The strong
VEP shown in traces 810 and 812 corresponding to the
left thalamus and left insular cortex is associated with the
anti-depression effects of VNS. Traces 830 and 832 in
the central portion of the EEG depict a weak VEP in the
thalamus. Because the EEG method described is non-
invasive, it offers a safe and effective method of enhanc-
ing and/or optimizing the therapeutic effects of the exog-
enous electrical signal.
[0112] FIG. 7 illustrates one method of variable pro-
gramming of the electrical signal generator 200 to opti-
mize the eVEP in the right thalamus and striatum for ep-
ileptic patients, and in the left insula for patients suffering
from depression. As shown in FIG. 7, a computer 900
may be coupled to and used to program the computer-
controlled programming wand 800. The programming
wand 800 may use radio frequency telemetry to commu-
nicate with the electrical signal generator 200 and pro-
gram the burst duration, number of pulses in a microburst,
interpulse interval(s), pulse frequency, microburst dura-
tion, inter-microburst interval, pulse width, and current
amplitude of the exogenous electrical signal delivered by
the electrical signal generator 200 to the vagus nerve of
the patient. Using the programming wand 800, program-
ming may be performed periodically or as needed on an
implanted electrical signal generator 200. This provides
the ability to continually optimize and change the exog-
enous electrical signal delivered by the electrical signal
generator 200 depending on the EEG, and to respond to
changes therein. Therefore, the present method of using
one or more of the above referenced techniques, alone
or in combination, significantly enhances and/or optimiz-
es currently available VNS therapies.
[0113] Various embodiments of the invention are de-
scribed above in the Detailed Description. While these
descriptions directly describe the above embodiments,
it is understood that those skilled in the art may conceive
modifications and/or variations to the specific embodi-
ments shown and described herein. Any such modifica-
tions or variations that fall within the purview of this de-
scription are intended to be included therein as well. Un-
less specifically noted, it is the intention of the inventors
that the words and phrases in the specification and claims
be given the ordinary and accustomed meanings to those
of ordinary skill in the applicable art(s).
[0114] The foregoing description of various embodi-
ments of the invention known to the applicant at this time
of filing the application has been presented and is intend-
ed for the purposes of illustration and description. The
present description is not intended to be exhaustive nor
limit the invention to the precise form disclosed and many
modifications and variations are possible in the light of
the above teachings. The embodiments described serve
to explain the principles of the invention and its practical
application and to enable others skilled in the art to utilize
the invention in various embodiments and with various

modifications as are suited to the particular use contem-
plated. Therefore, it is intended that the invention not be
limited to the particular embodiments disclosed for car-
rying out the invention.
[0115] While particular embodiments of the present in-
vention have been shown and described, it will be obvi-
ous to those skilled in the art that, based upon the teach-
ings herein, changes and modifications may be made
without departing from this invention and its broader as-
pects and, therefore, the appended claims are to encom-
pass within their scope all such changes and modifica-
tions as are within the true spirit and scope of this inven-
tion. Furthermore, it is to be understood that the invention
is solely defined by the appended claims. It will be un-
derstood by those within the art that, in general, terms
used herein, and especially in the appended claims (e.g.,
bodies of the appended claims) are generally intended
as "open" terms (e.g., the term "including" should be in-
terpreted as "including but not limited to," the term "hav-
ing" should be interpreted as "having at least," the term
"includes" should be interpreted as "includes but is not
limited to," etc.). It will be further understood by those
within the art that if a specific number of an introduced
claim recitation is intended, such an intent will be explicitly
recited in the claim, and in the absence of such recitation
no such intent is present. For example, as an aid to un-
derstanding, the following appended claims may contain
usage of the introductory phrases "at least one" and "one
or more" to introduce claim recitations. However, the use
of such phrases should not be construed to imply that
the introduction of a claim recitation by the indefinite ar-
ticles "a" or "an" limits any particular claim containing
such introduced claim recitation to inventions containing
only one such recitation, even when the same claim in-
cludes the introductory phrases "one or more" or "at least
one" and indefinite articles such as "a" or "an" (e.g., "a"
and/or "an" should typically be interpreted to mean "at
least one" or "one or more"); the same holds true for the
use of definite articles used to introduce claim recitations.
In addition, even if a specific number of an introduced
claim recitation is explicitly recited, those skilled in the
art will recognize that such recitation should typically be
interpreted to mean at least the recited number (e.g., the
bare recitation of "two recitations," without other modifi-
ers, typically means at least two recitations, or two or
more recitations).
[0116] Accordingly, the invention is not limited except
as by the appended claims.

Claims of PCT:

[0117] In a first aspect, the invention provides a method
of treating a medical condition in a patient having a vagus
nerve and a heart that generates a cardiac signal having
a QRS wave portion, comprising:

detecting a portion of the QRS wave portion of the
patient’s cardiac signal;
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after detecting the portion of the QRS wave portion,
generating a microburst comprising 2 to 20 electrical
pulses; and
delivering the microburst to the vagus nerve of the
patient.

[0118] The method may further comprise generating
additional electrical pulses after detecting another QRS
wave portion of the cardiac signal.
[0119] The method may further comprise after detect-
ing the portion of the QRS wave portion, waiting a pre-
determined delay period before generating the micro-
burst.
[0120] The method may further comprise after detect-
ing the portion of the QRS wave portion, waiting less than
about 1000 milliseconds before generating a second mi-
croburst comprising from 2 to 20 electrical pulses.
[0121] The electrical pulses of the microburst may be
generated in a series having a first pulse and a last pulse,
each pulse other than the last pulse being separated from
a successor pulse in the series by an interpulse interval
having a duration, the duration of the interpulse interval
increasing along the series from the first pulse to the last
pulse.
[0122] The electrical pulses may have a pulse width of
from about 50 microseconds to about 1000 microsec-
onds, and have a pulse current amplitude of from about
0.25 mA to about 8 mA.
[0123] The electrical pulses of the microburst may be
generated in a series having a last pulse, each pulse
other than the last pulse of the series being separated
from a successor pulse in the series by an interpulse
interval, each interpulse interval being less than about
40 milliseconds.
[0124] The electrical pulses of the microburst may be
generated in a series having a last pulse, each pulse
other than the last pulse of the series being separated
from a successor pulse in the series by an interpulse
interval, each interpulse interval having been determined
empirically for the patient.
[0125] The electrical pulses of the microburst may be
generated in a series having a last pulse, each pulse
other than the last pulse of the series being separated
from a successor pulse in the series by an interpulse
interval of about 3 milliseconds to about 10 milliseconds.
[0126] The patient may be breathing and have a heart
with a heart rate variability, and the method may further
comprise restricting the patient’s breathing to increase
the heart rate variability.
[0127] In a second aspect, the invention provides an
exogenous electrical signal adapted to be delivered to a
vagus nerve of a patient having a brain and a medical
condition, the vagus nerve evoking a vagal evoked po-
tential in the brain, the exogenous electrical signal com-
prising a series of microbursts, each microburst in the
series comprising from 2 to 20 electrical pulses, wherein
the exogenous electrical signal is adapted to treat the
medical condition by enhancing the vagal evoked poten-

tial in the brain.
[0128] In a third aspect, the invention provides an im-
plantable device configured to apply the signal of the sec-
ond aspect.
[0129] In a fourth aspect, the invention provides an ex-
ogenous electrical signal adapted to be delivered to a
vagus nerve of a patient having a brain and a medical
condition, the vagus nerve evoking a vagal evoked po-
tential in the brain, the exogenous electrical signal com-
prising a series of microbursts, each microburst having
a duration less than about one second, wherein the ex-
ogenous electrical signal is adapted to treat the medical
condition by enhancing the vagal evoked potential in the
brain.
[0130] In a fifth aspect, the invention provides an im-
plantable device configured to apply the signal of the
fourth aspect.
[0131] In a sixth aspect, the invention provides an ex-
ogenous electrical signal adapted to be delivered to a
vagus nerve of a patient having a brain, a medical con-
dition, and a heart operating in a cardiac cycle with an R
wave portion, the vagus nerve evoking a vagal evoked
potential in the brain, the exogenous electrical signal
adapted to treat the medical condition by enhancing the
vagal evoked potential in the brain, the signal comprising:

a series of microbursts, each microburst comprising
2 to 20 electrical pulses, and each of the microbursts
occurring after a selected R wave portion of the car-
diac cycle.

[0132] Each R wave portion may be separated from a
successive R wave portion by an R-R interval, each R-
R interval having a duration and a previous R-R interval
preceding it, and each of the microbursts occuring after
an R-R interval having a duration that is shorter than the
duration of the previous R-R interval.
[0133] The pulses of the microbursts may be spaced
to simulate endogenous afferent activity occurring at a
particular time in the cardiac cycle.
[0134] Each of the microbursts may be delayed relative
to the selected R wave portion to simulate endogenous
afferent activity occurring at a particular time in the car-
diac cycle.
[0135] Each of the microbursts may occur less than
about 1000 milliseconds after the selected R wave por-
tion.
[0136] In a seventh aspect, the invention provides an
exogenous electrical signal adapted to be delivered to a
vagus nerve of a patient having a brain, lungs, a medical
condition, and a heart with a cardiac signal comprising
an inspiration portion corresponding to an inspiration of
air by the lungs and an expiration portion corresponding
to an expiration of air by the lungs, the inspiration portion
having a series of R wave portions, the expiration portion
having a series of R wave portions, the vagus nerve evok-
ing a vagal evoked potential in the brain, the exogenous
electrical signal adapted to be delivered to the vagus
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nerve to treat the condition or disorder of the nervous
system by enhancing the vagal evoked potential in the
brain, the signal comprising:

a series of microbursts, each microburst in the series
comprising from 2 to 20 electrical pulses, each of the
microbursts being delivered to the vagus nerve in
response to a selected R wave portion of the inspi-
ration portion of the cardiac signal, and none of the
microbursts being delivered in response to the R
wave portions of the expiration portion of the cardiac
signal.

[0137] The pulses of the microbursts may be spaced
to simulate endogenous afferent activity occurring at a
particular time in the cardiac signal.
[0138] The pulses of the microbursts may be spaced
to simulate endogenous afferent activity occurring at a
particular time during inspiration of air by the lungs.
[0139] The microbursts may be spaced to simulate en-
dogenous afferent activity occurring at a particular time
in the cardiac signal.
[0140] The microbursts may be spaced to simulate en-
dogenous afferent activity occurring at a particular time
during inspiration of air by the lungs.
[0141] In an eighth aspect, the invention provides a
method of customizing an exogenous electrical signal
adapted to be delivered to a vagus nerve of a patient
having a brain and a medical condition, and to elicit a
desired vagal evoked potential in a selected structure of
the brain associated with the medical condition, the meth-
od comprising:

determining a value of a signal parameter;
generating an electrical signal according to the signal
parameter, the electrical signal comprising a series
of microbursts, each microburst comprising a series
of from 2 to 20 electrical pulses;
delivering the electrical signal to the vagus nerve of
the patient;
analyzing an EEG of the patient’s brain created dur-
ing the delivery of the electrical signal to the vagus
nerve of the patient to determine the vagal evoked
potential observed in the selected structure of the
brain; and
modifying the value of the signal parameter based
on the vagal evoked potential observed in the se-
lected structure of the brain to modify the vagal
evoked potential observed therein.

[0142] The selected structure of the brain may include
a region selected from the group consisting of the thala-
mus, the striatum, the insular cortex, and combinations
thereof.
[0143] The signal parameter may be a parameter se-
lected from the group consisting of a pulse width, a pulse
frequency, an interpulse interval between two of the puls-
es of the microburst, a frequency of the microbursts, a

number of microbursts of the series of microburst, a du-
ration of the electrical signal, a number of pulses in the
microbursts, and combinations thereof.
[0144] The patient may have a heart that generates a
series of QRS waves, and each of the microbursts may
be delivered to the vagus nerve after a selected QRS
wave of the series of QRS waves, and the signal param-
eter may comprise a delay period between each micro-
burst and the selected QRS wave.
[0145] The patient may have a heart that generates a
series of QRS waves, and the signal parameter may com-
prise a selected QRS wave of the series of QRS waves
to precede each microburst of the series of microbursts.
[0146] In a ninth aspect, the invention provides a meth-
od of treating a medical condition in a patient having a
vagus nerve and a heart that generates a cardiac signal
having a QRS wave portion, comprising:

detecting the QRS wave portion of the cardiac signal;
generating a microburst comprising a series electri-
cal pulses separated by an interpulse interval, the
sum of the interpulse intervals separating the pulses
being less than 60 milliseconds; and
delivering the microburst to the vagus nerve of the
patient.

[0147] The method may further comprise after detect-
ing the QRS wave portion, waiting a predetermined delay
period before applying the microburst to the vagus nerve.
[0148] The method may further comprise after detect-
ing the QRS wave portion, waiting less than about 500
milliseconds before applying the microburst to the vagus
nerve.
[0149] The electrical pulses may have a pulse width of
from about 50 microseconds to about 1000 microsec-
onds.
[0150] The electrical pulses of the microburst may be
generated in a series having a last pulse, each pulse
other than the last pulse of the series being separated
from a successor pulse in the series by an interpulse
interval, each interpulse interval being less than about
40 milliseconds.
[0151] Each of the interpulse intervals may be deter-
mined empirically for the patient.
[0152] Each of the interpulse intervals may be about 3
milliseconds to about 12 milliseconds.
[0153] The patient may be breathing and have a heart
with a heart rate variability, and the method may further
comprise restricting the patient’s breathing to increase
the heart rate variability.
[0154] In a tenth aspect, the invention provides a sys-
tem for treating a medical condition in a patient having a
vagus nerve and a heart that generates a cardiac signal
having a QRS wave portion, the system comprising:

a sensor configured to detect a portion of the QRS
wave portion of the cardiac signal;
an electrical signal generator configured to generate
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a microburst after the detection of the portion of the
QRS wave portion by the sensor, the microburst hav-
ing a duration of less than about one second; and
an electrode in electrical communication with the
vagus nerve, the electrode being configured to de-
liver the microburst to the vagus nerve of the patient.

[0155] The duration of the microburst maybe less than
about 100 milliseconds.
[0156] The electrical signal generator may be config-
ured to wait a predetermined delay period after detection
of the portion of the QRS wave portion wave before ap-
plying the microburst.
[0157] The microburst may comprise a series of elec-
trical pulses having a last pulse, each pulse other than
the last pulse of the series being separated from a suc-
cessor pulse in the series by an interpulse interval of
about 3 milliseconds to about 10 milliseconds.
[0158] In an eleventh aspect, the invention provides a
computer readable medium having computer executable
components for detecting a QRS wave portion of a car-
diac cycle;

generating a microburst having 2 to 20 electrical
pulses; and
delivering the microburst via an electrode to the
vagus nerve of a patient in response to the detection
of the QRS wave portion of a cardiac cycle.

[0159] The electrical pulses of the microburst may be
generated in a series having a last pulse, each pulse
other than the last pulse being separated from a succes-
sor pulse in the series by an interpulse interval having a
duration, the computer readable medium may further
comprise computer executable components for deter-
mining the duration of each of the interpulse intervals.
[0160] In a twelfth aspect, the invention provides a
method of treating a medical condition in a patient having
a vagus nerve, comprising allowing the patient to man-
ually trigger generation of an exogenous electrical signal
comprising a microburst having a duration of less than
about one second; and delivering the exogenous electri-
cal signal to the vagus nerve of the patient.
[0161] The patient may have a heart that generates a
cardiac signal having a QRS wave portion, and the meth-
od may further comprise detecting the QRS wave portion
of the cardiac signal and delivering the microburst of the
exogenous electrical signal to the vagus nerve of the pa-
tient in response to detection of the QRS wave portion.
[0162] The patient may be performing paced breathing
before triggering the exogenous electrical signal.

Claims

1. A computer readable medium programmed with in-
structions for simulating afferent action potentials or
augmenting endogenous afferent activity within a

vagus nerve of a patient in a device, wherein the
instructions, when executed by the processor (230),
perform a method comprising:

- detecting a QRS wave portion (174) of a car-
diac cycle and an R-R interval with the sensor
(210A or 210B), where the R-R interval is the
amount of time between two successive R wave
portions of the cardiac cycle;
- generating a pulsed electrical signal (170) with
the electrical signal generator (200) on shorten-
ing R-R intervals during heart rate variability
(HRV), such that a signal is only generated on
an R-wave having an R-R interval less than the
preceding R-R interval, or less than a moving
average for several R-R intervals, the pulsed
electrical signal comprising a series of micro-
bursts; and
- in response to the detection of the QRS wave
portion (174) of a cardiac cycle and the R-R in-
terval, delivering the pulsed electrical signal via
the electrode (220A or 220B) to the vagus nerve
of a patient, wherein the pulsed electrical signal
is configured to simulate afferent action poten-
tials or augment endogenous afferent activity
within the vagus nerve of the patient.

2. The computer readable medium of claim 1, wherein
the method performed by the instructions when ex-
ecuted by the processor further comprises determin-
ing the duration of each of the interpulse intervals.

3. The computer readable medium according to either
claim 1 or 2, wherein the method performed by the
instructions, when executed by the processor, fur-
ther comprises:

analyzing an EEG of the patient’s brain created
during the delivery of the pulsed electrical signal
to the vagus nerve of the patient to determine
the vagal evoked potential observed in a select-
ed structure of the brain; and
modifying the value of a signal parameter based
on the vagal evoked potential observed in the
selected structure of the brain to modify the va-
gal evoked potential observed therein.

4. The computer readable medium according to claim
3, wherein the selected structure of the brain in-
cludes a region selected from the group consisting
of the thalamus, the striatum, the insular cortex, and
combinations thereof.

5. The computer readable medium according to claim
4, wherein the signal parameter is a parameter se-
lected from the group consisting of a pulse width, a
pulse frequency, the interpulse interval between two
of the pulses of a microburst, a frequency of the mi-
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crobursts, the number of microbursts in the pulsed
electrical signal, the duration of the electrical signal,
the number of pulses in the microbursts, and com-
binations thereof.

6. The computer readable medium according to any
one of claims 1-5, wherein the patient has a heart
that generates a series of QRS waves (174), the
pulsed electrical signal is delivered to the vagus
nerve after a selected QRS wave of the series of
QRS waves, characterized in that the signal pa-
rameter comprises a delay period between pulsed
electrical signal and the selected QRS wave or the
signal parameter comprises a selected QRS wave
of the series of QRS waves to precede the pulsed
electrical signal.

7. The computer readable medium according to any
one of claims 1-6, wherein each microburst (170) of
the pulsed electrical signal has a duration of less
than about one second, optionally wherein:

a) the duration of each microburst (170) is less
than about 100 milliseconds;
b) the interpulse interval between the electrical
pulses of each microburst ranges from about 3
milliseconds to about 10 milliseconds; and
c) each microburst (170) comprises electrical
pulses having a pulse width of from about 50
microseconds to about 1000 microseconds, and
having a pulse current amplitude of from about
0.25 mA to about 8 mA.

8. The computer readable medium according to any
one of claims 1-7, wherein the pulses of each micro-
burst of the pulsed electrical signal are spaced to
simulate endogenous afferent activity occurring at a
particular time in the cardiac signal; and/or optionally
wherein:

a) the pulsed electrical signal comprises a plu-
rality of microbursts, wherein the pulses of each
microburst are spaced to simulate endogenous
afferent activity occurring at a particular time
during inspiration of air by the lungs and/or
wherein the plurality of microbursts are spaced
to simulate endogenous afferent activity occur-
ring at a particular time in the cardiac signal;
and/or
b) the pulsed electrical signal comprises a plu-
rality of microbursts, wherein the plurality of mi-
crobursts are spaced to simulate endogenous
afferent activity occurring at a particular time
during inspiration of air by the lungs.
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