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SYSTEMS AND METHODS FOR
MONITORING AUTONOMIC HEALTH

CLAIM OF PRIORITY

[0001] This application claims the benefit of priority under
35 US.C. §119(e) of US. Provisional Patent Application
Ser. No. 62/222,005, filed on Sep. 22, 2015, which is herein
incorporated by reference in its entirety.

TECHNICAL FIELD

[0002] This application relates generally to medical sys-
tems and methods and, more particularly, to systems and
methods for monitoring autonomic health.

BACKGROUND

[0003] The automatic nervous system (ANS) regulates
“involuntary” organs and maintains normal internal function
and works with the somatic nervous system. The ANS
includes the sympathetic nervous system and the parasym-
pathetic nervous system. The sympathetic nervous system is
affiliated with stress and the “fight or flight response” to
emergencies, and the parasympathetic nervous system is
affiliated with relaxation and the “rest and digest response.”
[0004] Autonomic balance reflects the relationship
between parasympathetic and sympathetic activity. Auto-
nomic balance may sometimes be referred to as autonomic
tone, which refers to a background rate of activity of the
ANS. Changes in autonomic balance are reflected in
changes in heart rate, heart rhythm, contractility, remodel-
ing, inflammation and blood pressure. Changes in auto-
nomic balance can also be seen in other physiological
changes, such as changes in abdominal pain, appetite,
stamina, emotions, personality, muscle tone, sleep, and
allergies, for example. It is desirable to monitor autonomic
health as overall health depends on a healthy autonomic
balance.

SUMMARY

[0005] Various embodiments monitor autonomic health by
delivering a dose of neural stimulation and monitoring
subtle, inconsistent physiological responses that have a
dependence on background autonomic activity. These
responses may be inconsistent as they may only be present
for a fraction of the time and further may be a relatively
small response. The dose of neural stimulation may be less
than that which would drive an acutely-obvious, physiologic
response.

[0006] Given the complexity of the ANS and interrelation
with many physiological functions, these subtle, inconsis-
tent responses are not detectable simply by observing an
acute heart rate or blood pressure response. Rather, the
subtle, inconsistent responses to the dose of neural stimu-
lation may be detected using statistical techniques to provide
an evoked response metric (ERM) such as a T-score or
Z-score. These subtle, inconsistent physiological responses
to the dose of neural stimulation may have a dependence on
the background autonomic activity of the patient, and thus
may be used to monitor, by way of example, therapy
effectiveness, patient-compliance, or disease progression.
Various embodiments may monitor changes in contractility,
such as may be used to monitor Cardiac Contractility
Modulation (CCM). CCM applied with a regular ON/OFF

Mar. 23, 2017

cycle may be detected if CCM changes contraction intensity
or rate either directly or through a neuro mechanism.
[0007] An example (e.g. “Example 1”) of a system for
monitoring autonomic health of a person may include an
autonomic nerve stimulation (ANS) dose delivery system
and a response extractor. The ANS dose delivery system
may be configured to provide an ANS dose using stimulation
pulses to stimulate autonomic neural tissue at a programmed
stimulation dose. The ANS dose delivery system may
include a pulse generator configured to generate stimulation
pulses and a controller operably connected to the pulse
generator to control the pulse generator to provide the ANS
dose. The response extractor is configured to record physi-
ological parameter values, where the physiologic parameter
values include first population data that includes evoked
response (ER) values corresponding to evoked physiological
responses, and second population data that includes refer-
ence values that include no effect (NE) values corresponding
to times without a physiological response. The response
monitor may calculate evoked response metrics (ERMs)
using the first and second population data. Each of the ERMs
may be dependent on background autonomic activity. The
response extractor may analyze the ERMs to provide ERM
analysis, and provide an indication of autonomic health
using the ERM analysis.

[0008] In Example 2. the subject matter of Example 1 may
optionally be configured such that the ANS dose delivery
system is configured to deliver intermittent ANS that
includes a plurality of stimulation bursts wherein each
stimulation burst includes a plurality of neural stimulation
pulses and successive neural stimulation bursts are separated
by a time without neural stimulation pulses. The response
extractor may be configured to record ER values corre-
sponding to the evoked physiological responses to stimula-
tion bursts and reference values that include NE values
corresponding to physiological parameter values that are not
evoked physiological responses to stimulation bursts, and
Z-score or T-score the recorded physiological parameter
values to obtain a group of ER Z-scores or ER T-scores,
wherein the ERMs include the group of ER Z-scores or ER
T-scores.

[0009] In Example 3, the subject matter of any one or any
combination of Examples 1-2 may optionally be configured
such that the response extractor is configured to compare the
ERMs to at least one reference value to monitor autonomic
health.

[0010] In Example 4, the subject matter of any one or any
combination of Examples 1-3 may optionally be configured
such that the response extractor is configured to trend the
ERMs to monitor autonomic health.

[0011] In Example 5, the subject matter of any one or any
combination of Examples 1-4 may optionally be configured
such that the ANS dose delivery system is configured to
adjust the ANS dose in steps, and the response extractor is
configured to calculate an ERM for each step and compare
the ERM to a reference value to monitor autonomic health.
[0012] In Example 6, the subject matter of any one or any
combination of Examples 1-5 may optionally be configured
such that the FR values include stimulation effect (SE)
values corresponding to direct responses to stimulation
bursts, and the response extractor configured to calculate
ERMs using the SE scores and the second population.
[0013] In Example 7, the subject matter of any one or any
combination of Examples 1-6 may optionally be configured
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such that the system is configured to detect a condition, and
the response extractor is configured to be at least partially
disabled in response to the detected condition or is config-
ured to be at least partially enabled in response to the
detected condition.

[0014] In Example 8, the subject matter of any one or any
combination of Examples 1-7 may optionally be configured
such that the system includes a patient status or condition
detector. The response extractor may be configured to tag the
ERMs with the detected patient status or condition.

[0015] In Example 9, the subject matter of any one or any
combination of Examples 1-8 may optionally be configured
such that the response extractor is configured to record
stimulation effect (SE) values corresponding to direct
responses to delivered stimulation pulses or reflex effect
(RE) values corresponding to reflex responses after deliv-
ered stimulation pulses, or both SE values and RE values.
[0016] InExample 10, the subject matter of any one or any
combination of Examples 1-9 may optionally be configured
such that the ANS dose delivery system is configured to
deliver bursts of neural stimulation pulses, and the response
extractor is configured to record NE values that include
values during times between successive bursts of neural
stimulation pulses.

[0017] InExample 11, the subject matter of any one or any
combination of Examples 1-10 may optionally be configured
such that the physiological parameter values include at least
one of: heart rate values or heart rate variability values.
[0018] In Example 1 the subject matter of any one or any
combination of Examples 1-11 may optionally be configured
such that the physiological parameter values include at least
one of: blood pressure values or blood pressure variability
values.

[0019] InExample 13, the subject matter of any one or any
combination of Examples 1-12 may optionally be configured
such that the physiological parameter values include at least
one of respiratory values or respiratory variability values.
[0020] InExample 14, the subject matter of any one or any
combination of Examples 1-13 may optionally be configured
such that the response extractor is configured to record
electrocardiograms (ECGs), and to calculate ERMs using a
statistical analysis of at least one feature of the ECGs to
calculate ERMs.

[0021] InExample 15, the subject matter of any one or any
combination of Examples 1-14 may optionally be configured
such that the ANS dose delivery system is configured to
deliver a vagal nerve stimulation (VNS) dose. The ERMs
may include a sympathetic reflex effect (RE) to the VNS
dose, and larger ERMs indicate higher background sympa-
thetic activity and lower ERMs indicate lower background
sympathetic activity.

[0022] An example (e.g. “Example 16”) of a method may
include delivering an autonomic neural stimulation (ANS)
dose, which may include delivering stimulation pulses to
evoke physiological responses. The method may further
include recording physiological parameter values, which
may include recording first population data, the first popu-
lation data including evoked response (ER) values corre-
sponding to the evoked physiological responses, and record-
ing second population data, the second population data
including reference values that include no effect (NE) values
corresponding to times without an evoked physiological
response. The method may further include calculating
evoked response metrics (ERMs) using the first and second
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population data, each of the ERMs being dependent on
background autonomic activity, analyzing the ERMs to
provide ERM analysis, and providing an indication of auto-
nomic health using the ERM analysis. A system may be
configured to implement the method. The system may
include hardware, software, firmware, or any combination
thereof to implement the method. In implementing the
method, the system may use a set (or sets) of instructions
contained on a computer accessible medium (or media)
capable of directing a processor or other controller to
perform at least a portion of the method.

[0023] In Example 17, the subject matter of Example 16
may optionally be configured such that analyzing the ERMs
includes comparing the ERMs to at least one reference value
to provide the ERM analysis used to provide the indication
of autonomic health.

[0024] InExample 18, the subject matter of any one or any
combination of Examples 16-17 may optionally be config-
ured such that analyzing the ERMs includes trending the
ERMs to provide the ERM analysis used to provide the
indication of autonomic health.

[0025] InExample 19, the subject matter of any one or any
combination of Examples 16-18 may optionally be config-
ured such that the ER values include stimulation effect (SE)
values corresponding to direct responses to delivered stimu-
lation pulses, or reflex effect (RE) values corresponding to
reflex responses after delivered stimulation pulses, or both
SE values and RE values.

[0026] InExample 20, the subject matter of any one or any
combination of Examples 16-19 may optionally be config-
ured such that delivering the ANS dose includes delivering
bursts of neural stimulation pulses. The NE values may
include values during times between successive bursts of
neural stimulation pulses.

[0027] InExample 21, the subject matter of any one or any
combination of Examples 16-20 may optionally be config-
ured such that the physiological parameter values include at
least one of: heart rate values or heart rate variability values.
[0028] InExample 22, the subject matter of any one or any
combination of Examples 16-21 may optionally be config-
ured such that the physiological parameter values include at
least one of: respiratory values or respiratory variability
values.

[0029] InExample 23, the subject matter of any one or any
combination of Examples 16-22 may optionally be config-
ured such that the physiological parameter values include at
least one of: blood pressure values or blood pressure vari-
ability values.

[0030] InExample 24, the subject matter of any one or any
combination of Examples 16-23 may optionally be config-
ured such that recording physiological parameter values
includes recording electrocardiograms (ECGs), and calcu-
lating ERMs includes calculating ERMs using a statistical
analysis of at least one feature of the ECGs.

[0031] InExample 25, the subject matter of any one or any
combination of Examples 16-24 may optionally be config-
ured such that calculating ERMs includes Z-scoring groups
of recorded physiological parameter values to obtain
Z-scores for each of the groups, or T-scoring groups of
recorded physiological parameter values to obtain T-scores
for each of the groups.

[0032] InExample 26, the subject matter of any one or any
combination of Examples 16-25 may optionally be config-
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ured such that delivering the ANS dose includes delivering
neural stimulation to a vagus nerve.

[0033] InExample 27, the subject matter of any one or any
combination of Examples 16-26 may optionally be config-
ured such that delivering the ANS dose includes delivering
neural stimulation to a carotid sinus nerve or a glossopha-
ryngeal nerve.

[0034] InExample 28, the subject matter of any one or any
combination of Examples 16-26 may optionally be config-
ured such that delivering the ANS dose includes delivering
neural stimulation to a baroreceptor region or to a
chemoreceptor region.

[0035] An example (e.g. “Example 29”) of a method may
include delivering a vagal nerve stimulation (VNS) dose and
sensing heart rate and recording heart rate values. The VNS
dose may include a plurality of stimulation bursts. Fach
stimulation burst may include a plurality of neural stimula-
tion pulses, and successive neural stimulation bursts are
separated by a time without neural stimulation pulses. Sens-
ing heart rate and recording heart rate values may include
recording first population data and second population data.
The first population data may include evoked response (ER)
values corresponding to the evoked heart rate effects to
stimulation bursts. The second population data may include
reference values that include no effect (NE) values corre-
sponding to heart rate values that are not evoked heart rate
responses to stimulation bursts. The method may include
calculating evoked response metrics (ERMs) to quantify a
relationship between the first population data and the second
population data. Each of the ERMs may be dependent on
background sympathetic activity. The method may further
include analyzing the FERMs to provide ERM analysis, and
providing an indication of autonomic health using the ERM
analysis. A system may be configured to implement the
method. The system may include hardware, software, firm-
ware, or any combination thereof to implement the method.
In implementing the method, the system may use a set (or
sets) of instructions contained on a computer accessible
medium (or media) capable of directing a processor or other
controller to perform at least a portion of the method.
[0036] In Example 30, the subject matter of Example 29
may optionally be configured such that the method further
includes adjusting the ANS dose in steps, calculating an
ERM for each step and comparing the ERM to a reference
value to monitor autonomic health.

[0037] InExample 31, the subject matter of any one or any
combination of Examples 29-30 may optionally be config-
ured such that analyzing the ERMs includes comparing the
ERMs to at least one reference value to provide the ERM
analysis used to provide the indication of autonomic health.
[0038] In Example 32 the subject matter of any one or any
combination of Examples 29-31 may optionally be config-
ured such that analyzing the ERMs includes trending the
ERMs to provide the ERM analysis used to provide the
indication of autonomic health.

[0039] InExample 33, the subject matter of any one or any
combination of Examples 29-32 may optionally be config-
ured such that the method further includes detecting a
patient status or a patient condition, and tagging the ERMs
with the detected patient status or condition.

[0040] In Example 34, the subject matter of any one or any
combination of Examples 29-33 may optionally be config-
ured such that the ER values in the first population data
includes stimulation effect (SE) values corresponding to
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direct responses to stimulation bursts, and calculating ERMs
includes analyzing for a SE signature.

[0041] InExample 35, the subject matter of any one or any
combination of Examples 29-34 may optionally be config-
ured such that the ER values in the first population data
include reflex effect (RE) values corresponding to reflex
responses after stimulation bursts, and calculating the ERM
to quantify the relationship between the first population data
and the second population data includes analyzing for a RE
signature.

[0042] This Summary is an overview of some of the
teachings of the present application and not intended to be
an exclusive or exhaustive treatment of the present subject
matter. Further details about the present subject matter are
found in the detailed description and appended claims. Other
aspects will be apparent to persons skilled in the art upon
reading and understanding the following detailed descrip-
tion and viewing the drawings that form a part thereof, each
of which are not to be taken in a limiting sense. The scope
of the present invention is defined by the appended claims
and their equivalents.

BRIEF DESCRIPTION OF THE DRAWINGS

[0043] FIG. 1 illustrates increasing VNS intensity from
the left side to the right side of the figure, and further
illustrates intensity thresholds that elicit various physiologi-
cal responses to VNS.

[0044] FIG. 2 illustrates increasing VNS intensity from
the left side to the right side of the figure and a subtle,
inconsistent physiologic response (e.g. a subtle, inconsistent
change in heart rate, blood pressure and/or respiration) for
the VNS, and further illustrates an intensity threshold that
elicits an acutely-observable and significant (e.g. 5% reduc-
tion or more) reduced heart rate response to VNS.

[0045] FIG. 3 illustrates increasing VNS intensity from
the left side to the right side of the figure and a subtle and/or
inconsistent physiologic response (e.g. a subtle change in
heart rate, blood pressure and/or respiration) for the VNS,
and further illustrates an intensity threshold that elicits an
acutely-observable physiological response such as an
acutely-observable and significant reduced heart rate
response to VNS and another intensity threshold that elicits
another physiological response (e.g. laryngeal vibration) to
VNS.

[0046] FIG. 4 illustrates a train of neural stimulation
bursts (e.g. parasympathetic stimulation bursts). The train of
neural stimulation bursts may be referred to as intermittent
neural stimulation (INS).

[0047] FIG. 5A illustrates an efferent parasympathetic
target. and FI1G. 5B illustrates a direct response on circula-
tion (e.g. lowered heart rate or blood pressure) to the
parasympathetic stimulation pulse train, as illustrated in
FIG. 4, at an efferent parasympathetic target, as illustrated in
FIG. 5A.

[0048] FIGS. 6A and 6B illustrate efferent and afferent
parasympathetic stimulation with an afferent parasympa-
thetic pathway carrying signals to the CNS and an efferent
sympathetic pathway from the CNS carrying reflex stimu-
lation to the target. FIG. 6B illustrates a direct and reflex
response of the circulation (e.g., heart rate decrease then
increase or blood pressure decrease then increase) to the
parasympathetic stimulation pulse train, as illustrated in
FIG. 4, at an efferent parasympathetic target as illustrated in
FIG. 6A.
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[0049] FIGS. 7A-7B illustrate various embodiments for
monitoring a response to an intermittent NS burst.

[0050] FIGS. 8A-8B provides simple illustrations of how
the background autonomic activity may cause changes in an
evoked response.

[0051] FIG. 9 illustrates, by way of example and not
limitation, an embodiment of a response extractor config-
ured for use to analyze an evoked response to detect subtle,
inconsistent changes in the evoked response.

[0052] FIG. 10 illustrates an example of a system that
includes an autonomic health monitor.

[0053] FIG. 11 illustrates an example of a system that
includes an implantable medical system and an autonomic
health monitor.

[0054] FIG. 12 illustrates an example of an implantable
medical system that includes an electrical therapy delivery
system and an autonomic health monitor.

[0055] FIG. 13 illustrates an example of an implantable
medical system, similar to the system illustrated in FIG. 12
that includes a cardiac rhythm management system and the
autonomic health monitor.

[0056] FIG. 14 illustrates an example of an implantable
medical system similar to the system illustrated in FIG. 12
that includes a neurostimulation system and the autonomic
health monitor.

[0057] FIG. 15 illustrates an example of an implantable
medical system that includes a neurostimulation system and
the autonomic health monitor that share an ANS dose
delivery system.

[0058] FIG. 16 illustrates an example of a system that
includes an autonomic health monitor that uses a response
extractor configured to compare responses to trend
responses.

[0059] FIG. 17 illustrates an example of a method per-
formed by the response extractor in FIG. 16.

[0060] FIG. 18 illustrates an example of a system that
includes an autonomic health monitor that includes an ANS
dose delivery system with a dose adjustment routine, and
that includes a response extractor to identify a response
threshold.

[0061] FIG. 19 illustrates an example of a method per-
formed by the response extractor in FIG. 18.

[0062] FIGS. 20A-20C illustrate some Venn diagrams for
the first population data and the second population data.
[0063] FIG. 21 illustrates an example of first population
data and the second population data that may be extracted
from a sensed physiological signal during intermittent neural
stimulation.

[0064] FIG. 22 illustrates, by way of example and not
limitation, an embodiment of a response extractor with
optional features to enable or disable the response extrac-
tions and optional features to correlate an extracted response
to a patient status or condition.

[0065] FIG. 23 illustrates, by way of example, a method
for titrating VST using a subtle physiologic response.
[0066] FIG. 24 illustrates, by way of example, a method
for monitoring autonomic health using a subtle physiologi-
cal response to an ANS dose detected using a calculated
score.

[0067] FIG. 25 illustrates, by way of example, a method
for monitoring autonomic health using a subtle physiologi-
cal response to an ANS dose detected using an evoked
response metric.
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[0068] FIGS. 26A and 26B illustrate, by way of example,
a heat map (z(t,j, 0.01)) of Z-scores for a plurality of trials
over a number days that provides a visual illustration of a
signature for a stimulation effect (SE) and rebound effect
(RE), and further illustrates Z-scores at different points
along the physiological waveform during the trial.

[0069] FIGS. 27A-27C illustrate additional examples for
quantifying a comparison between the SE and the reference
values.

[0070] FIG. 28 illustrates, by way of example, ANS dose
timing to provide another way in which the first and second
population data may be captured.

[0071] FIG. 29 illustrates, by way of example, an embodi-
ment of a system that includes an ANS dose delivery system,
a dose response monitor, and an external device.

[0072] FIG. 30 illustrates a system embodiment config-
ured to extract an evoked response and control stimulation
using the extracted response.

[0073] FIG. 31 illustrates a VNS system, according to
various embodiments.

[0074] FIG. 32 illustrates an implantable medical device
(IMD) having a neural stimulation (NS) component and a
cardiac rhythm management (CRM) component according
to various embodiments of the present subject matter.
[0075] FIG. 33 shows a system diagram of an embodiment
of a microprocessor-based implantable device, according to
various embodiments.

[0076] FIG. 34 illustrates a system including an implant-
able medical device (IMD) and an external system or device,
according to various embodiments of the present subject
matter.

[0077] FIG. 35 illustrates a system including an external
device, an implantable neural stimulator (NS) device which
may be used to provide a NS dose or therapy and an
implantable cardiac rhythm management (CRM) device,
according to various embodiments of the present subject
matter.

[0078] FIG. 36 illustrates a system embodiment in which
an IMD is placed subcutaneously or submuscularly in a
patient’s chest with lead(s) 3607 positioned to stimulate a
vagus nerve.

[0079] FIG. 37 illustrates a system embodiment that
includes an implantable medical device (IMD) with satellite
electrode(s) positioned to stimulate at least one neural target.
[0080] FIG. 38 illustrates an IMD placed subcutaneously
or submuscularly in a patient’s chest with lead(s) positioned
to provide a CRM therapy to a heart, and with lead(s)
positioned to stimulate and/or inhibit neural traffic at a
neural target, such as a vagus nerve, according to various
embodiments.

[0081] FIG. 39 illustrates an IMD with lead(s) positioned
to provide a CRM therapy to a heart, and with satellite
transducers positioned to stimulate/inhibit a neural target
such as a vagus nerve, according to various embodiments.
[0082] FIG. 40 illustrates, by way of example, an IMD
with a lead positioned to stimulate and/or inhibit neural
traffic at a vagus nerve, according to various embodiments.
[0083] FIG. 41 is a block diagram illustrating an embodi-
ment of an external system.

[0084] FIG. 42 illustrates, by way of example and not
limitation, an embodiment of a system, various components
of which may be used to store the population data and
process the population data to score the data.
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DETAILED DESCRIPTION

[0085] The following detailed description of the present
subject matter refers to the accompanying drawings which
show, by way of illustration, specific aspects and embodi-
ments in which the present subject matter may be practiced.
These embodiments are described in sufficient detail to
enable those skilled in the art to practice the present subject
matter. Other embodiments may be utilized and structural,
logical, and electrical changes may be made without depart-
ing from the scope of the present subject matter. References
to “an”, “one”, or “various” embodiments in this disclosure
are not necessarily to the same embodiment, and such
references contemplate more than one embodiment. The
following detailed description is, therefore, not to be taken
in a limiting sense, and the scope is defined only by the
appended claims, along with the full scope of legal equiva-
lents to which such claims are entitled.

[0086] The ANS regulates “involuntary” organs, while the
contraction of voluntary (skeletal) muscles is controlled by
somatic motor nerves. Examples of involuntary organs
include respiratory and digestive organs, and also include
blood vessels and the heart. Often, the ANS functions in an
involuntary, reflexive manner to regulate glands, to regulate
muscles in the skin, eye, stomach, intestines and bladder,
and to regulate cardiac muscle and the muscle around blood
vessels, for example.

[0087] The ANS includes the sympathetic nervous system
and the parasympathetic nervous system. The sympathetic
nervous system is affiliated with stress and the “fight or flight
response” to emergencies. Among other effects, the “fight or
flight response” increases blood pressure and heart rate to
increase skeletal muscle blood flow, and decreases digestion
to provide the energy for “fighting or fleeing.” The para-
sympathetic nervous system is affiliated with relaxation and
the “rest and digest response” which, among other effects,
decreases blood pressure and heart rate, and increases diges-
tion to conserve energy. The ANS maintains normal internal
function and works with the somatic nervous system. Affer-
ent nerves convey impulses toward a nerve center, and
efferent nerves convey impulses away from a nerve center.
[0088] Stimulating or inhibiting the sympathetic or para-
sympathetic nervous systems can cause heart rate, blood
pressure and other physiological responses. For example,
stimulating the sympathetic nervous system dilates the
pupil, reduces saliva and mucus production, relaxes the
bronchial muscle, reduces the successive waves of involun-
tary contraction (peristalsis) of the stomach and the motility
of the stomach, increases the conversion of glycogen to
glucose by the liver, decreases urine secretion by the kid-
neys, and relaxes the wall and closes the sphincter of the
bladder. Stimulating the parasympathetic nervous system
(inhibiting the sympathetic nervous system) constricts the
pupil, increases saliva and mucus production, contracts the
bronchial muscle, increases secretions and motility in the
stomach and large intestine, and increases digestion in the
small intention, increases urine secretion, and contracts the
wall and relaxes the sphincter of the bladder. The functions
associated with the sympathetic and parasympathetic ner-
vous systems are many and can be complexly integrated
with each other.

[0089] A reduction in parasympathetic nerve activity con-
tributes to the development and progression of a variety of
cardiovascular diseases. Examples of such diseases or con-
ditions include HF, hypertension, and cardiac remodeling.
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These conditions are briefly described below. Autonomic
neurostimulation may be used to stimulate or inhibit auto-
nomic neural targets in the patient. By way of example and
not limitation, autonomic neural targets may include the
vagus nerve including various locations along the vagus
nerve such as the cervical region and cardiac nerves, the
carotid sinus nerve, the glossopharyngeal nerve, barorecep-
tors, chemoreceptors, fat pads spinal cord, and nerve roots.
Medicines, such as beta blockers, may be used to adjust
autonomic balance.

[0090] HF refers to a clinical syndrome in which cardiac
function causes a below normal cardiac output that can fall
below a level adequate to meet the metabolic demand of
peripheral tissues. HF may present itself as congestive heart
failure (CHF) due to the accompanying venous and pulmo-
nary congestion. HF can be due to a variety of etiologies
such as ischemic heart disease. HF patients have reduced
autonomic balance, which is associated with LV dysfunction
and increased mortality.

[0091] Hypertension is a cause of heart disease and other
related cardiac co-morbidities. Hypertension occurs when
blood vessels constrict. As a result, the heart works harder to
maintain flow at a higher blood pressure, which can con-
tribute to HF. Hypertension generally relates to high blood
pressure, such as a transitory or sustained elevation of
systemic arterial blood pressure to a level that is likely to
induce cardiovascular damage or other adverse conse-
quences. Hypertension has been defined as a systolic blood
pressure above 140 mm Hg or a diastolic blood pressure
above 90 mm Hg. Consequences of uncontrolled hyperten-
sion include, but are not limited to, retinal vascular disease
and stroke, left ventricular hypertrophy and failure, myo-
cardial infarction, dissecting aneurysm, and renovascular
disease. A large segment of the general population, as well
as a large segment of patients implanted with pacemakers or
defibrillators, suffer from hypertension. The long term mor-
tality as well as the quality of life can be improved for this
population if blood pressure and hypertension can be
reduced.

[0092] Cardiac remodeling refers to a complex remodel-
ing process of the ventricles that involves structural, bio-
chemical, neurohormonal, and electrophysiologic factors,
which can result following a myocardial infarction (MI) or
other cause of decreased cardiac output. Ventricular remod-
eling is triggered by a physiological compensatory mecha-
nism that acts to increase cardiac output due to so-called
backward failure which increases the diastolic filling pres-
sure of the ventricles and thereby increases the so-called
preload (i.e., the degree to which the ventricles are stretched
by the volume of blood in the ventricles at the end of
diastole). An increase in preload causes an increase in stroke
volume during systole, a phenomena known as the Frank-
Starling principle. When the ventricles are stretched due to
the increased preload over a period of time, however, the
ventricles become dilated. The enlargement of the ventricu-
lar volume causes increased ventricular wall stress at a given
systolic pressure. Along with the increased pressure-volume
work done by the ventricle, this acts as a stimulus for
hypertrophy of the ventricular myocardium. The disadvan-
tage of dilatation is the extra workload imposed on normal,
residual myocardium and the increase in wall tension
(Laplace’s Law) which represent the stimulus for hypertro-
phy. If hypertrophy is not adequate to match increased
tension, a vicious cycle ensues which causes further and
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progressive dilatation. As the heart begins to dilate, afferent
baroreceptor and cardiopulmonary receptor signals are sent
to the vasomotor central nervous system control center,
which responds with hormonal secretion and sympathetic
discharge. The combination of hemodynamic, sympathetic
nervous system and hormonal alterations (such as presence
or absence of angiotensin converting enzyme (ACE) activ-
ity) account for the deleterious alterations in cell structure
involved in ventricular remodeling. The sustained stresses
causing hypertrophy induce apoptosis (i.e., programmed cell
death) of cardiac muscle cells and eventual wall thinning
which causes further deterioration in cardiac function. Thus,
although ventricular dilation and hypertrophy may at first be
compensatory and increase cardiac output, the processes
ultimately result in both systolic and diastolic dysfunction.
It has been shown that the extent of ventricular remodeling
is positively correlated with increased mortality in post-MI
and heart failure patients.

[0093] By way of example, vagal stimulation therapy
(VST) has been proposed to treat various cardiovascular
diseases, including HF. VST is being investigated a potential
therapy for heart failure amelioration. Efferent and afferent
vagus nerve fibers modulate heart rate through direct inner-
vation of the SA node and centrally though a modulation of
the sympathetic and parasympathetic balance. Acute VST
can decrease heart rate and chronic VNS can blunt heart
failure progression in pre-clinical models. Early VNS stud-
ies intentionally decreased heart rate and found a reduction
in post MI mortality. However, VST-induced bradycardia
could cause symptomatic side effects for HF patients, espe-
cially during exercise, and could provide undesired inotropic
and dromotropic effects. It is believed that beneficial effects
of VST on cardiac function and remodeling are not neces-
sarily mediated via significant heart rate reduction that is
acutely observable. That is, VST can benefit HF patients
without the undesired chronotropic effects associated with
VST as well as other side effects due to high intensity
stimulation such as coughing, etc. Rather, anti-inflamma-
tory, anti-sympathetic, and anti-apoptosis mediators are trig-
gered at lower VST intensities than intensities at which a
heart rate reduction is realized. These mediators function as
pathways through which the VST provides the therapeutic
effects for cardiovascular disease. Vagal nerve signaling
plays an important role in modulating systemic inflamma-
tory response and apoptosis, which are important in the
development and progression of HF. Low level of efferent
vagal nerve stimulation (1 Hz) has been shown to attenuate
the release of proinflammatory cytokines (such as tumor
necrosis factor, interleukin, etc.) from macrophage through
nicotinic acetylcholine receptors (see Borovikova, LV.
Nature. 2000, 405: 458-462). Our internal preclinical data
suggests that the therapeutic level of VST could modulate
inflammatory and apoptosis signaling pathways without
lowering heart rate, where the preclinical studies used a
neural stimulator prototype to deliver VST that non-selec-
tively stimulates both afferent axons and efferent axons in
the vagus nerve according to a predetermined schedule for
the VST (e.g. Hamann et al., Vagus nerve stimulation
improves left ventricular function in a canine model of
chronic heart failure, Eur Journal Heart Fail 2013, 15:1319-
1326). ANS may be delivered non-selectively to afferent and
efferent axons at low levels to avoid or inhibit bradycardia
responses induced by stimulation of the vagus nerve. ANS
may be delivered with a low ANS intensity that is thera-
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peutically effective for the cardiovascular disease and that
does not significantly drive a lower intrinsic heart rate. Heart
rate may be maintained during ANS without resort to
bradycardia support pacing of the myocardium during ANS.
ANS may be delivered with a therapeutically-effective dose
to achieve its beneficial effects on autonomic function
without significant chronotropic side effects from acutely-
observable and significant heart rate drops (e.g. 5% mean
heart rate drop or more), improving the tolerability. For
example, an ANS dose (e.g. a dose of vagal stimulation) may
have a, intensity that causes a subtle, inconsistent response
that is detectable using statistical measures such as a T-score
or Z-score, as discussed in more detail below.

[0094] Furthermore, it has been observed that the evoked
response to low level vagal stimulation is dependent on the
background sympathetic activity of the patient. As will be
discussed in more detail below, various embodiments may
use low level ANS doses induce evoked responses that may
be used as a surrogate for monitoring the background
autonomic activity. Thus, a brief discussion of low-level
ANS is provided below using vagal nerve stimulation (VNS)
as an example. Given the complexity of the ANS and
interrelation with many physiological functions, these
subtle, inconsistent responses are not detectable simply by
observing an acute heart rate or blood pressure response.
Rather, the subtle, inconsistent responses to the dose of
neural stimulation may be detected using statistical tech-
niques to provide an evoked response metric (ERM) such as
a T-score or Z-score. These subtle, inconsistent physiologi-
cal responses to the dose of neural stimulation may have a
dependence on the background autonomic activity of the
patient, and thus may be used to monitor, by way of
example, therapy effectiveness, patient-compliance, disease
progression and cardiac contractility modulation.

[0095] The vagus nerve is a complex physiological struc-
ture with many neural pathways that are recruited at different
stimulation thresholds. Various physiological responses to
VNS are associated with various VNS doses. For example,
FIG. 1 illustrates increasing VNS intensity from the left side
to the right side of the figure, and further illustrates intensity
thresholds that elicit various physiological responses to
VNS. VNS causes a physiological response “A” at a lower
intensity than an intensity at which VNS causes a physi-
ological response “B”, which occurs at a lower VNS inten-
sity than an intensity at which VNS causes a physiological
response “C”. Stated another way, VNS has to reach a
certain level before triggering response “A,” and has to
reach higher levels to trigger responses “B” and “C”.

[0096] The physiological responses at the lower VNS
intensities may have therapeutically-effective results for
cardiovascular diseases such as HF. These intensities may be
used to deliver a therapy (VST). These responses mediate or
provide pathways for these therapies. Examples of such
responses that are beneficial for HF at the lower VNS
intensities include anti-inflammation, anti-sympathetic, and
anti-apoptosis responses, and an increased NO. The physi-
ological responses at the higher VNS intensities may not be
desirable. Examples of responses to higher VNS intensities
that may reduce the ability of the patient to tolerate VNS
include, but are not limited to, reduced heart rate, prolonged
AV conduction, vasodilation, and coughing. Not only may
the physiological responses at the lower VNS intensities be
therapeutic, the responses are dependent on the background
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autonomic activity and may be used as a surrogate for the
autonomic health of the patient.

[0097] The intensity of the VNS can be adjusted by
adjusting parameter(s) of the stimulation signal. Generally,
dose may be changed by changing the amount of charge
delivered over a period of time. For example, the amplitude
of the signal (e.g. current or voltage) can be increased to
increase the intensity of the signal. Other stimulation param-
eter(s) can be adjusted as an alternative to or in addition to
amplitude. For example, stimulation intensity can vary with
the frequency of the stimulation signal, a stimulation burst
frequency, a pulse width, a pulse duty cycle and/or a burst
duty cycle.

[0098] FIG. 2 illustrates increasing VNS intensity from
the left side to the right side of the figure and a subtle,
inconsistent physiologic response (e.g. a subtle, inconsistent
change in heart rate, blood pressure and/or respiration) for
the VNS, and further illustrates an intensity threshold that
elicits an acutely-observable and significant (e.g. 5% reduc-
tion or more) reduced heart rate response to VNS. The
subtle, inconsistent response may occur over a range in
which the response is present in a smaller percentage of time
(e.g. less consistent) toward the left side of the figure and the
response is present in a larger percentage of time (e.g. more
consistent) toward the right side of the figure. Similarly, the
responses may be smaller toward the left side of the figure
and large toward the rights side of the figure. Larger periods
of time may be used to detect the subtle, inconsistent
responses toward the left side of the figure and shorter
periods of time may be used to detect the larger and/or more
consistent responses toward the right side of the figure.
Techniques described herein may be used to detect the subtle
and/or inconsistent physiological response and/or detect
non-subtle effects that are intermittent and not seen with
acute testing. As described herein, these techniques may be
used to monitor autonomic health by delivering a VNS dose
and detecting the subtle and/or inconsistent physiological
responses caused by the dose, which provide an indication
of the background autonomic activity.

[0099] Some embodiments may include a system for
delivery a therapy (e.g. VST). For an open loop VST system,
physiologic parameter(s) may be monitored during VST
testing. This VST testing may be based on a relatively large
human population to determine the heart rate threshold. The
VST testing may also be performed specifically for a patient
during the implantation procedure using a process that
verifies capture of the vagus nerve using observed heart rate
reduction, that determines the intensity threshold at which
the heart rate reduction is observed, and that uses the
intensity threshold to provide and set the VST intensity
below the heart rate threshold that causes the acutely observ-
able and obvious heart rate reduction. The subtle, inconsis-
tent response found at lower intensities may have a heart rate
effect, but the heart rate effect is a subtle effect that is not an
acutely-observable and significant drop in heart rate. For
example, vagal stimulation pulses of a first amplitude may
capture some nerve fibers in the cervical vagus nerve to
cause the subtle heart rate effect, and vagal stimulation
pulses of a second, higher, amplitude may capture addition
nerve fibers in the cervical vagus nerve to cause the acutely-
observable and significant drop in heart rate. It is believed
that effective cardiovascular therapy, such as heart failure
(HF) therapy, may be titrated to provide a targeted subtle,
inconsistent physiologic response.
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[0100] FIG. 3 illustrates increasing VNS intensity from
the left side to the right side of the figure and a subtle and/or
inconsistent physiologic response (e.g. a subtle change in
heart rate, blood pressure and/or respiration) for the VNS,
and further illustrates an intensity threshold that elicits an
acutely-observable physiological response such as an
acutely-observable and significant reduced heart rate
response to VNS and another intensity threshold that elicits
another physiological response (e.g. laryngeal vibration) to
VNS. Preclinical studies indicate that laryngeal vibration is
detected at a lower VNS intensity threshold than the VNS
intensity threshold for eliciting the acutely observable heart
rate response. In some embodiments, the intensity threshold
that causes the acutely-observable and significant reduced
heart rate response may function as an upper boundary for
allowable adjustments to the intensity to find the sweet spot,
or may be used with a positive or negative offset to identify
upper boundary for allowable adjustments. In some embodi-
ments, the intensity threshold that causes the laryngeal
vibrations may function as lower boundary for allowable
adjustments to the intensity to find the sweet spot, or may be
used with a positive or negative offset to identify lower
boundary for allowable adjustments. FIG. 3 illustrates, by
way of example, a candidate dose range that may extend
through a range of intensities.

[0101] In embodiments in which VNS is delivered for a
therapy, the therapeutic eflicacy of the VST can be assessed
acutely (e.g. within seconds or minutes) such as may be
beneficial for a closed loop system or during an implantation
procedure, and can be assessed on a longer term basis (e.g.
on the order of hours, days, weeks, and months) such as may
be beneficial to provide follow-programming updates for
either open loop or closed loop systems. Examples of acute
markers which could be measured to tell if the dose is in the
therapeutic effective range include anti-inflammatory cytok-
ines and autonomic balance markers. Examples of anti-
inflammatory cytokines include serum TNF-alpha, IL-1,
IL6, etc. Examples of autonomic balance markers include
plasma NE (an indicator of sympathetic tone), heart rate
variability (HRV) and heart rate turbulence (HRT). Longer
term assessment of therapeutic efficacy can be determined
using various methods currently used to monitor the pro-
gression of heart failure (e.g. electrogram readings and
various measures of cardiac output, contractility, and size of
the left ventricle). Other physiological responses that in and
of themselves are not beneficial for the therapy, such as
laryngeal vibration, may be used if their response threshold
has a known relationship to trigger desired mediators (e.g.
mediators, anti-apoptosis mediator, and anti-sympathetic)
through which the applied VST provides effective therapy
for the cardiovascular disease.

[0102] Various embodiments of the present subject matter
may monitor an evoked response of neural stimulation for a
desirable subtle and/or inconsistent response that may be
detected using statistical analysis (e.g. T-score or Z-score).
This subtle and/or inconsistent response may be used to
monitor autonomic health. This subtle and/or inconsistent
response may be used to monitor autonomic health may be
used to control or evaluate a therapy. An evoked response
may be illustrated using intermittent neural stimulation as
discussed below.

[0103] FIG. 4 illustrates a train of neural stimulation
bursts (e.g. parasympathetic stimulation bursts). The train of
neural stimulation bursts may be referred to as intermittent
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neural stimulation (INS). The time-course of neural stimu-
lation may alternate between intervals of stimulation being
ON when pulse(s) are delivered and stimulation being OFF
when no pulses are delivered. Each burst includes a plurality
of pulses (not illustrated) within the burst. The duration of
the stimulation ON interval is sometimes referred to as the
stimulation duration or burst duration. The start of a stimu-
lation ON interval is a temporal reference point NS Event.
The time interval between successive NS Events is the INS
Interval, which is sometimes referred to as the stimulation
period or burst period. For an application of neural stimu-
lation to be intermittent, the stimulation duration (i.e., ON
interval) must be less than the stimulation period (i.e., INS
Interval) when the neural stimulation is being applied. The
duration of the OFF intervals of INS are controlled by the
durations of the ON interval and the INS Interval. The
duration of the ON interval relative to the INS Interval (e.g.,
expressed as a ratio) is sometimes referred to as the duty
cycle of the INS. In the illustration, each burst has an equal
duration (e.g. on the order of 10 seconds) and the bursts are
separated by a burst period (e.g. on the order of one minute).
The duration and/or burst period may be adjusted during the
therapy to adjust the therapy dose and the evoked response.
The dose and evoked response may be adjusted by changing
the amplitude, pulse frequency, and/or pulse width of the
neural stimulation pulses within the burst.

[0104] FIGS. 5A, 5B, 6A and 6B illustrate applications of
the neural stimulation illustrated in FIG. 4 to a target to elicit
an ANS effect on heart rate (HR) or blood pressure (BP). It
is noted that the ANS also has an effect on respiration.
Negative-going waveforms illustrated in FIGS. 5B and 6B
indicate a decrease in HR or BP, such as expected from
parasympathetic stimulation, while positive-going wave-
forms indicate an increase in HR or BP, such as expected
from sympathetic stimulation. FIGS. 5A and 5B illustrate
stimulation parameters adjusted to elicit a direct parasym-
pathetic effect. FIGS. 6A and 6B illustrate stimulation
parameters adjusted to elicit direct parasympathetic and
reflex sympathetic effects.

[0105] FIG. 5A illustrates an efferent parasympathetic
target, and FIG. 5B illustrates a direct response on circula-
tion (e.g. lowered heart rate or blood pressure) to the
parasympathetic stimulation pulse train, as illustrated in
FIG. 4, at an efferent parasympathetic target, as illustrated in
FIG. 5A. Action potentials in afferent nerves travel toward
the central nervous system (CNS), and action potentials in
efferent nerves travel away from the CNS. As illustrated in
FIG. 5B, the direct response referred to herein as a stimu-
lation effect (SE) attributed to the selective stimulation of the
efferent pathway follows the time course of neural stimula-
tion pulses and returns to baseline between stimulation
bursts. The efferent stimulation in this example results in a
small direct response in HR or BP that does not elicit a
measurable reflex response, as indicated by immediate
return to baseline of the response following termination of
the stimulation burst.

[0106] FIGS. 6A and 6B illustrate efferent and afferent
parasympathetic stimulation with an afferent parasympa-
thetic pathway carrying signals to the CNS and an efferent
sympathetic pathway from the CNS carrying reflex stimu-
lation to the target. FIG. 6B illustrates a direct and reflex
response of the circulation (e.g., heart rate decrease then
increase or blood pressure decrease then increase) to the
parasympathetic stimulation pulse train, as illustrated in
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FIG. 4, at an efferent parasympathetic target as illustrated in
FIG. 6A. As illustrated in FIG. 6B, the stimulation of the
efferent pathway provides a direct response referred to
herein as a stimulation effect (SE) and a reflex response
referred to herein as a reflex effect (RE). In this example, the
efferent stimulation elicits a reflex effect when baroreceptors
in FIG. 6A respond to the lowered HR or BP, sending
impulses to the CNS in the afferent nerve illustrated in FIG.
6A and thereby eliciting a compensatory sympathetic reflex,
which may also be referred to as an antagonistic sympathetic
reflex, that increases HR and BP via impulses conveyed
from the CNS in the sympathetic efferent pathway illustrated
in FIG. 6A. As illustrated in FIG. 6B, the stimulation effect
ends quickly after the end of the stimulation burst, whereas
the reflex effect continues measurably after the end of the
stimulation burst. It is noted that the reflex response is a
complex reaction that may have other contributing factors
such as chemoreceptor activity. Furthermore, the stimulation
may be a non-selective, bidirectional stimulation that elicits
action potentials in the parasympathetic nerve both in the
afferent direction toward the CNS as well as in the efferent
direction. The elicited action potentials in the afferent direc-
tion toward the CNS also affect the evoked response. The
present subject matter is not limited to a particular mecha-
nism.

[0107] FIGS. 7A-7B illustrate various embodiments for
monitoring a response to an intermittent NS burst. Multiple
bursts can be analyzed, according to various embodiments.
Each figure illustrates one neural stimulation burst among a
plurality of INS stimulation bursts of a programmed NS
therapy. The NS burst includes a plurality of NS pulses that
are preceded and followed by a time without NS pulses. In
one embodiment illustrated in FIG. 7A, an ANS signal may
be monitored over time and marked with the NS event,
which is a time point with a fixed offset from the start of the
NS burst. The NS event offset from the NS burst start may
be a zero offset, a negative offset, or a positive offset
depending on various signal analysis embodiments. The NS
event may divide the ANS signal into a Pre-Event Signal and
a Post-Event Signal. As illustrated in FIG. 7B, the pre-event
signal may contain a pre-event baseline and the post-event
signal may contain an evoked response and a post-event
baseline. The evoked response may include a direct response
(stimulation effect (SE)) and a reflex response (reflex effect
(RE))

[0108] As identified previously, the subtle and/or incon-
sistent response may be used to monitor autonomic health.
The autonomic nervous system influences, among other
things, the performance of the heart. The accelerative effects
of the sympathetic nervous system on heart rate are depen-
dent on the background level of vagal activity. For example,
sympathetic heart rate effects are substantially smaller with
high levels of vagal tone than with low vagal background
activity, and vagal effects are progressively stronger with
increasing sympathetic background activity. Each of the two
autonomic divisions can both inhibit and enhance the activ-
ity of the other via effects on the release of neurotransmitters
at the synaptic junctions. The inhibition of the cardiac effects
from sympathetic nerve stimulation by the presence of
background vagus nerve stimulation has been described
using the term “accentuated antagonism.”

[0109] Embodiments of the present subject matter may
monitor an evoked response to an ANS dose to monitor
background autonomic activity. The reflex effect (RE) of an
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evoked response to an ANS dose is opposite to the stimu-
lation effect (SE) to the ANS dose. For example, an elevated
sympathetic activity in the background will be more sensi-
tive to a sympathetic response effect to parasympathetic
stimulation. More sympathetic neurotransmitters at the syn-
aptic junctions may make the sympathetic response effect
more detectable by being more consistently present and/or
by being a greater response when present.

[0110] FIGS. 8A-8B provides simple illustrations of how
the background autonomic activity may cause changes in an
evoked response. The figure simply illustrates a function
between the background activity and evoked response as a
linear function to illustrate that larger background activity
corresponds to larger evoked responses. This function may
not be linear. However, these figures illustrate the general
concept that more sympathetic neurotransmitters at the
synaptic junctions may make the sympathetic response
effect more detectable by being more consistently present
and/or by being a greater response when present, and more
parasympathetic neurotransmitters at the synaptic junctions
may make parasympathetic response effect more detectable
by being more consistently present and/or by being a greater
response when present.

[0111] Forexample, F1G. 8A provides a simple illustration
of a sympathetic evoked response for a given parasympa-
thetic dose, where the evoked response varies based on
sympathetic background activity according to a function
which is simply illustrated as a linear function. Similarly,
FIG. 8B provides a simple illustration of a parasympathetic
evoked response for a given sympathetic dose, where the
evoked response varies based on parasympathetic back-
ground activity according to a function which is simply
illustrated as a linear function. The dose affects the SE. In
each of these illustrations, a change in the reflex effect (RE)
for a given dose may indicate a change (A) in the back-
ground activity. Where the background activity has the same
tone (e.g. parasympathetic or sympathetic) as the RE as
illustrated in both FIGS. 8A and 8B, then an observed
increase in the RE corresponds to an increase in the back-
ground tone. Where the background activity and the RE
have different tone, then an observed increase in the RE
corresponds to a decrease in the background tone.

[0112] FIG. 9 illustrates, by way of example and not
limitation, an embodiment of a response extractor 900
configured for use to analyze an evoked response to detect
subtle, inconsistent changes in the evoked response. The
response extractor may be implanted within the patient or be
external to the patient. The response extractor may be used
in a system that stores and reports data from the response
extractor for use in monitoring autonomic health. In some
embodiments, by way of example, the response extractor
may be used in a system that performs an automatic or
semiautomatic titration of ANS therapy.

[0113] The response extractor 900 may include a param-
eter value sampler 901 configured to receive sensed physi-
ological signal(s) from physiological sensor(s) used to sense
evoked response(s) to ANS. Examples of such sensors
include heart rate sensors, respiration sensors, blood pres-
sure sensor, and electrocardiogram sensors. The parameter
value sampler 901 may, by way of example, be used to
detect R-R interval values for sample(s) of the physiological
signal(s). The parameter value sampler 901 may derive other
values such as rate variability values (e.g. heart rate vari-
ability (HRV) or respiratory rate variability (RRV)) for use
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in detecting the subtle, inconsistent physiologic response.
Various embodiments may monitor changes in contractility,
such as may be used to monitor Cardiac Contractility
Modulation (CCM). CCM applied with a regular ON/OFF
cycle may be detected if CCM changes contraction intensity
or rate either directly or through a neuro mechanism.
[0114] Some embodiments may monitor patient condition
and/or time The data may from the physiological sensor(s)
be tagged with the patient conditions or activity or time. The
data from the physiological sensor(s) may be stored with the
tagged condition or tagged time. This information may be
trended or otherwise analyzed to provide additional insight
into the evoked response and autonomic health. Further-
more, this information may be used to allow a clinician, or
patient or other caregiver, to adjust therapy. Some system
embodiments may configured to provide automatic or semi-
automatic therapy adjustments based on this information. By
way of example, a semi-automatic therapy adjustment may
automatically propose therapy parameters that can be
adjusted by a clinician before implementing, or that can be
implemented by a clinician without adjustment.

[0115] The parameter value sensor may sample values
from the sensed physiological signal(s). If the signal(s) are
digital, the sampler may extract all digital values or a
representative sampling of the signals that still provides the
desired resolution. The sample time may but need not
correspond to the burst interval of an intermittent neural
stimulation. Some embodiments may only sample during a
window of time. The sample time may be a sample (e.g. ER
sample or NE sample) within window(s) of time controlled
by NS events (e.g. beginning of a train of bursts in an
intermittent neural stimulation therapy). The sample of ER
values may include a sample of SE values, a sample of RE
values, or both a sample of SE values and a sample of RE
values. The reference values may include NE values, or NE
values and ER values. For example, an NS event may
identify the beginning of burst of neural stimulation pulses.
This may be used to trigger sensing for a period of time
during which the signal(s) are expected to show a direct
effect and reflex effect. For example, if a 10 second burst of
stimulation is provided, the window may be about 15 to 25
seconds to capture the direct effect (about 10 seconds) and
reflex effect (additional 5-15 seconds after the direct effect).
[0116] The values from the parameter value sampler 901
may be stored in a storage 902. The storage 902 may be
memory in an internal or external device. Further the storage
may be local or remote to the parameter value sampler. The
values may be stored without distinguishing between the
first and second populations, and then later processed to
extract the first and second population data. In some embodi-
ments, the parameter value sampler distinguishes between
the first population and the second population, and the
storage distinguishes between the first population data and
the second population data. The first population data may
include, among other types of data, evoked response (ER)
values corresponding to the evoked physiological responses.
The second population data may include, among other types
of data, may include reference values that include no effect
(NE) values corresponding to times without an evoked
physiological response.

[0117] The response extractor 900 may include a param-
eter value analyzer 903 to provide ER scores based on the
first and second population data. The ER scores quantify a
relationship between the first population data and the second
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population data, and may use statistical analysis to quantify
the relationship. The relationship may be converted to a
standard score, such as may promote further analysis to
detect subtle and/or inconsistent physiological responses.
For example, the parameter value analyzer may be config-
ured to quantify a statistical difference between the ER
values and the reference values. The response extractor 900
may include a storage to store the ER scores 904. The
storage 904 may be memory in an internal or external
device. Further the storage may be local or remote to the
parameter value sampler. The storage 904 may be separate
with respect to or may be integrated with storage 902.
[0118] The response extractor 900 may include an ER
score analyzer 905 to analyze a group of ER scores to detect
subtle, inconsistent responses. In some embodiments, the
response extractor 900 may communicate information for
use to store, report, display ER scores and other data useful
for consideration by a clinician or other caregiver or patient
to titrate the stimulation. In some embodiments, the response
extractor may communication information for use in auto-
matically or semiautomatically titrate the stimulation.
“Semiautomatic” indicates that some processes are auto-
matically performed, and others are triggered or manually
performed. Thus, an example of a semiautomatic process
may involve automatically providing a suggested change for
titrating the stimulation, and then implementing the change
in response to a manually-provided confirmation from the
user.

[0119] The response extractor may be contained within a
single device (e.g. external device or internal device), or
may be distributed into two or more devices (e.g. two or
more of internal device(s), external device(s), network
device(s)).

[0120] FIG. 10 illustrates an example of a system that
includes an autonomic health monitor. The illustrated auto-
nomic health monitor 1006 may include an ANS dose
delivery system 1007 configured to deliver electrical pulses
to an autonomic target for an ANS dose, and may further
include a response extractor 1000, which may be the same
or similar to the response extractor 900 in FIG. 9. The ANS
dose delivery system 1007 delivers the dose to the physi-
ology in order produce the response that is to be extracted by
the response extractor 1000. The dose may be delivered to
through electrodes, and the response may be detected using
sensor(s). Such a monitor may be implantable or external to
the patient.

[0121] FIG. 11 illustrates an example of a system that
includes an implantable medical system 1108 and an auto-
nomic health monitor 1106. The implantable medical system
1108 may include an electrical therapy delivery system 1109
such as, by way of example and not limitation, a neuro-
stimulator or a myocardial stimulator. The autonomic health
monitor may include an ANS dose delivery system 1107
configured to deliver electrical pulses to an autonomic target
for an ANS dose, and may further include a response
extractor 1100. The ANS dose delivery system 1107 may be
separate from the electrical therapy delivery system 1109.
The dose may be delivered separately from any therapy
delivered by the electrical therapy delivery system 1109. The
autonomic health monitor 1106 may be an external device.
[0122] FIG. 12 illustrates an example of an implantable
medical system 1208 that includes an electrical therapy
delivery system 1209 and an autonomic health monitor
1206. The electrical therapy delivery system 1209 may be,
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by way of example and not limitation, a neurostimulator or
a myocardial stimulator. The autonomic health monitor may
include an ANS dose delivery system 1207 configured to
deliver electrical pulses to an autonomic target for an ANS
dose, and may further include a response extractor 1200. The
ANS dose delivery system 1207 may be separate from the
electrical therapy delivery system 1209. The dose may be
delivered separately from any therapy delivered by the
electrical therapy delivery system 1209.

[0123] FIG. 13 illustrates an example of an implantable
medical system, similar to the system illustrated in FIG. 12
that includes a cardiac rhythm management system 1309 and
the autonomic health monitor. The cardiac rhythm manage-
ment system 1309 may configured to deliver myocardial
stimulation as part of a bradycardia pacing therapy, anti-
tachycardia pacing therapy, a cardiac resynchronization
therapy (CRT), or a defibrillation or cardioversion therapy.
[0124] FIG. 14 illustrates an example of an implantable
medical system similar to the system illustrated in FIG. 12
that includes a neurostimulation system 1409 and the auto-
nomic health monitor. The neurostimulation system 1409
may configured to deliver a neurostimulation therapy such
as an ANS therapy. Examples of ANS therapies include, but
are not limited to, heart failure and hypertension therapies.
The neurostimulation may be delivered to a neural target
such as, but not limited to, a vagus nerve, a carotid sinus
nerve, a glossopharyngeal nerve, a baroreceptor region or a
chemoreceptor region. Heart rate, by way of example, may
be monitored using an electrode stub or electrodes on an
implantable housing, or electrodes on or near the heart. The
baroreceptor region, by way of example, may include
carotid sinus baroreceptors or may include pulmonary artery
baroreceptors.

[0125] FIG. 15 illustrates an example of an implantable
medical system that includes a neurostimulation system
1509 and the autonomic health monitor 1506 that share an
ANS dose delivery system 1507. The ANS dose delivery
system may be used to control the dose for the neurostimu-
lation therapy. The ANS dose used to monitor the autonomic
system may be the same dose as that used to deliver the
neurostimulation therapy or may be a different dose.
[0126] FIG. 16 illustrates an example of a system that
includes an autonomic health monitor that uses a response
extractor 1600 configured to compare responses to trend
responses. FIG. 17 illustrates an example of a method
performed by the response extractor 1600 in FIG. 16. As
represented at 1710, the response extractor may be used to
score evoked response values including a first evoked
response value at a first time and scoring a second evoked
response value at a second time. As represented at 1711, he
evoked response scores may be compared to a reference or
to each other, or may be trended. The autonomic health
status may be identified using the compared or trended
evoked response scores, as represented at 1712.

[0127] FIG. 18 illustrates an example of a system that
includes an autonomic health monitor that includes an ANS
dose delivery system 1807 with a dose adjustment routine
1813, and that includes a response extractor 1800 to identify
a response threshold 1814. The dose adjustment routine
1813 may be a programmed routine that steps through
different dose or intensity steps (e.g. ramp up or ramp
down). The response extractor 1800 is configured to identify
the dose threshold where the response signature is first
present. As identified with respect to FIG. 2, subtle, incon-
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sistent responses toward the right side of the figure may be
detected quicker than the subtle, inconsistent responses
toward the left side of the figure. The amount of time to
record data may depend on how subtle and inconsistent the
responses are. Some embodiments may use different ANS
doses with one dose to provide a quicker indicator of ANS
response and another dose to provide a slower indicator of
ANS response. FIG. 19 illustrates an example of a method
performed by the response extractor 1800 in FIG. 18. At
1915, a dose adjustment routine is performed to step through
multiple doses. An evoked response value is scored for each
does step 1916, and the dose step is identified when the
signature is detected 1917.

[0128] FIGS. 20A-20C illustrate some Venn diagrams for
the first population data and the second population data. The
first population data includes at least some ER values but
may include other values as well. The second population
data includes at least some NE values but may include other
values as well. FIG. 20A illustrates that the first and second
population data sets may be mutually exclusive. FIG. 20B
illustrates that the first and second population data sets may
include some data points that are in both the first and second
population data. FIG. 20C illustrates that the second popu-
lation data set is greater than and encompasses the entirety
of the first population data. The first population data may
include but is not limited to ER values, and the second
population data may include but is not limited to NE values
such that the second population data can function as refer-
ence values against which the first population data can be
compared. Although the comparison may be made with
more resolution if the first population data only includes ER
values and the second population data only includes NE
values, a meaningful comparison may be made even if the
first population data includes some NE values and/or the
second population data includes ER values.

[0129] FIG. 21 illustrates an example of first population
data and the second population data that may be extracted
from a sensed physiological signal during intermittent neural
stimulation. The illustrated example of a response waveform
is similar to the example of a waveform illustrated in FIG.
6B, and illustrates SE values, RE values, ER values where
ER wvalues include SE and RE values, and NE values. The
first population data may include at least some SE values, or
may include at least some RE values, or may include at least
some SE and RE values. The second population data may
include at least some NE values, or may include at least
some NE values and some ER values. The population data
may be but need not be contiguous data points from the
sensed physiological signal. For example, the sensed signal
may be sampled at different points during the period of the
signal. In another example, a window may be defined for a
portion of the period of the signal, and the sensed signal may
be sampled within the window for one or more periods that
may but need not be consecutive periods. In another
example, the ANS therapy may be interrupted to provide a
time within which to sense NE values. These interruption
periods may be scheduled or triggered sufficiently often to
maintain accurate reference values against which the ER
values may be compared. In some embodiments, the neural
stimulation may be intermittent neural stimulation and the
reference values may be sampled to sense NE values
between bursts of the intermittent neural stimulation.

[0130] The response extractor may use statistical tech-
niques to quantify the evoked response value(s) against the
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reference values. For example, an individual evoked
response value may be compared to reference values. The
evoked response value may be a mean value of two or more
evoked response values, and the reference values may be a
mean value of reference values. The mean values may be a
running average of a number of values to smooth out the
quantified revoked response values. For example, the mean
of values 1-5 may be determined, then the mean of values
2-6, and then the mean of values 3-7, etc. Again, these values
may be from one or more periods of the sensed physiological
signal.

[0131] Statistical techniques may be used to convert the
measured responses into a standard form to describe mea-
sures within a distribution. Two examples of standardized
forms are Z-scores and T-scores. Z-scores transform indi-
vidual data points into a standard form, where the transfor-
mation is based on knowledge about the population’s mean
and standard deviation. Transforming raw scores to Z-scores
does not change their distribution. T-scores transform indi-
vidual data points in a sample of data points into a standard
form where the conversion is made without knowledge of
the population’s mean and standard deviation. The scores
are calculated using the mean and standard deviation of the
sample as an estimate of the population’s mean and standard
deviation. By way of example, Z-scores may be used when
the sample size is sufficiently large to provide a meaningful
means and standard deviation calculations, and T-scores
may be used for the smaller sample sizes. Thus, whether data
points are scored using a Z-score or a T-score depends,
among other things, on whether the data points represent the
population or a sampling of the population which depends
on whether the underlying data is considered to be the
population or a sampling of the data.

[0132] Various embodiments may use statistical tech-
niques to calculate an evoked response metric (ERM) to
quantify the difference in a first population (with evoked
response values) and a second population (with NE values).
The statistical technique(s) may be used to detect responses
that are subtle and/or inconsistent. A stronger response may
be evident in a more consistent response. The first popula-
tion may be taken from a first period of time and the second
population may be taken during a second period of time. The
ERM may be calculated as follows:

f(First Pop. Data) - f(Second Pop. Data)
V(First and Second Pop. Data)

ERM =

where f represents a function such as but not limited to
mean, variance, maximum, minimum, 25” percentile (P25),
757 percentile (P75)), and where V represents a variability
function (such as Standard Error or Standard Deviation).
The first and second period of times may be mutually
exclusive. The first period of time may be a subset of the
second period of time. The first and second population data
sets may be mutually exclusive or may include some data
points that are in both the first and second population data.
The second population data set may be greater than and
encompass the entirety of the first population data. The first
population data may include but is not limited to ER values,
and the second population data may include but is not
limited to NE values such that the second population data
can function as reference values against which the first
population data can be compared. The variability (V) of the
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first and second population data may be represented as a
union of the first population data and the second population,
such that data points found in both the first and second
population data are present only one time in determining the
variability so as not to provide extra weight to those data
points found in both the first and second population data.

[0133] Using a 10 second ON 50 second OFF intermittent
neural stimulation to provide a burst period of 60 seconds,
by way of example and not limitation, some examples of
ERM statistics that may be used include, but are not limited
to, ERM,, ERM, and ERM, as provided below.

Mean(ER values 1 sec.per.) —Mean(values entire 60 sec.)
ERM, =

Standard Deviation(values during entire 60 sec.zr.per.)

where the first population data is a sample of values within
a 10 second stimulation ON window of time within the burst
period, the second population data is the values throughout
the burst period, and the variability is determined using
values throughout the burst period. The function applied to
the first population and the second population is a “mean”
function, and the variability is a standard deviation of the
values.

Mean(ER values 10 sec. per.) —

Mean(values remaining 50 sec.)
ERM,

2

~ Standard Error{values during entire 60 sec.zr.per.)

where the first population is the values during the stimula-
tion ON portion, the second population data is the values
during the stimulation OFF portion, and the variability is
determined using values throughout the burst period. The
function applied to the first population and the second
population is a “mean” function, and the variability is a
standard deviation of the values.

P25(ER 10 sec.per.) — P25(values remaining 50 sec.tr.per.)

ERM; =
3 Standard Error{values during entire 60 sec.zr.per.)

where the first population is the values during the stimula-
tion ON portion, the second population data is the values
during the stimulation OFF portion, and the variability is
determined using values throughout the burst period. The
function applied to the first population and the second
population is a “P25 (25% percentile)” function, and the
variability is a standard deviation of the values. ERM; is a
Z-statistic and ERM,, is a t-statistic. ERM; does not have a
common name, but is an example of modifications that may
be made to provide a useful metric for evaluating evoked
response signatures. It is again noted that these are
examples. For example, the first period is not necessarily
limited to periods in which stimulation is present. ERM may
be calculated at any time to determine if the beats under
consideration are different from the beats around them or
other reference beats. In a further example, an ERM may be
calculated for each second in each trial, and not just during
the duration of the stimulation burst (e.g. 10 second ON
period of time).
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[0134] The output from the response extractor may be
used to determine a desirable pulse amplitude for the VST.
A desirable pulse amplitude for a first VST may be used in
a second VST. By way of example, a system may be
configured to deliver neural stimulation using different
therapy modes to sense values that may be used to detect a
subtle physiologic response. For example, the first therapy
mode may deliver 1 or more pulses times to every cardiac
cycle, and the second therapy mode may deliver intermittent
neural stimulation with scheduled burst times. For example,
the first therapy mode (e.g. a pulse or pulses every cardiac
cycle) may be delivered, and then the system may be
switched to a second therapy mode (e.g. intermittent neural
stimulation where each burst is longer than a cardiac cycle
and successive bursts are separated by a time without
stimulation that is also longer than a cardiac cycle). The NE
values may be sensed to provide reference values during a
time or times between neural stimulation bursts in the
second therapy mode, and the ER values may be sensed
during one or more bursts. The pulse amplitude that causes
a desired subtle response during the second therapy mode, as
determined using the ER values and the reference values,
may be identified and used to as the pulse amplitude during
the first therapy mode.

[0135] FIG. 22 illustrates, by way of example and not
limitation, an embodiment of a response extractor with
optional features to enable or disable the response extrac-
tions and optional features to correlate an extracted response
to a patient status or condition. The illustrated response
extractor 2200 may function to provide an ANS therapy
response extraction process that samples parameter values,
analyzes parameter values to score ER value to reference
values, and analyzes a group of ER scores to detect subtle
and/or inconsistent physiologic response(s). By way of
example, the response extractor 2200 of FIG. 22 may be
configured to enable and/or disable at least part of the
response process based on detected condition 2218. Thus,
for example, a system that includes the response extractor
2200 may be configured to use sensed heart rate, sensed
activity and/or sensed posture to detect a disabling condition
that can disable all or any part of the response process. For
example, in response to a detected high activity that may
cause the sensed physiological signals to be unusually high,
the parameter value sampler, or the parameter value ana-
lyzer, or the ER score analyzer, or any combination therapy
may be disabled to avoid a potential false detection of a
subtle and/or inconsistent physiological response. By way of
example, the response extractor may be configured to enable
the response process in response to a detected condition that
is desirable to provide good, relatively stable, underlying
signals to detect the subtle and/or inconsistent physiological
response.

[0136] Furthermore, by way of example, a system that
includes the response extractor may detect a patient status or
detect a patient condition 2219. Examples of a status or
condition may include a daily or hourly average, such as a
mean heart rate or mean blood pressure, that may affect the
ER scores. Examples of a status or condition may include a
running average (e.g. an average of the period of time such
as the last hour). The extracted response from the response
extractor 2200 may be correlated 2220 to the detected
patient status or patient condition 2219. Thus, for example,
changes in a subtle and/or inconsistent heart rate effect
(HRE) may be correlated to changes in the mean heart rate.
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This correlation may be stored, reported or displayed for use
by a clinician or other user to monitor autonomic health, and
in some embodiments titrate a therapy. The correlations may
also be used to provide automatic or semiautomatic titration.

[0137] FIG. 23 illustrates, by way of example, a method
for titrating VST using a subtle physiologic response. An
autonomic neural stimulation (ANS) therapy may be deliv-
ered at 2321. For example, the ANS therapy may be deliv-
ered using a nerve cuff or an intravascularly-fed electrode(s)
or electrode(s) placed adjacent the target nerve. The ANS
therapy may include VST. The VST may target the cervical
vagus nerve. The VST may target the vagus nerve in other
locations, such as but not limited to, cardiac nerves near the
heart or vagal nerves passing by the pulmonary artery(ies).
The ANS may target cardiac fat pads. The ANS may target
neural targets in and around the carotid sinus such as
baroreceptor regions, chemoreceptor regions, the carotid
sinus nerve and the glossopharyngeal nerve. The ANS may
target neural targets in or near the spinal cord, including the
spinal cord, nerve roots, and peripheral nerves extending
from the nerve roots. At 2322, physiological parameter(s)
that may be affected by the ANS therapy are recorded. The
parameter(s) may include first population data and second
population data as described previously. The population data
may be separated into the first and second population data
and stored separately, or may be grouped together, and then
processed later to separate the stored data into first and
second population data. At 2323, the data may be processed
to score ER values (e.g. first population data) with respect to
reference values (e.g. second population data). The scoring
may be used to quantify a relationship between the ER
values and the reference values or an estimate of the
relationship. At 2324, a group of ER scores may be analyzed
to detect the subtle physiological response. For example, the
analysis of the group of ER scores may reflect a desired
signature that is associated with an effective therapy.) The
group of ER scores may be plotted or trended for use in
detecting the subtle physiological response. The group of ER
scores may be combined to quantify the subtle physiological
response.

[0138] FIG. 24 illustrates, by way of example, a method
for monitoring autonomic health using a subtle physiologi-
cal response to an ANS dose detected using a calculated
score. The ANS (e.g. VNS) may be delivered at 2421. R-R
intervals maybe recorded at 2422, allowing the heart rate to
be derived therefrom. Evoked response (ER) R-R intervals
and reference R-R values may be recorded. At 2423, a score
may be calculated for the ER R-R values to quantify a
comparison of the ER values to the reference values, and a
group of scores may be analyzed for a signature 2424. For
example, statistical techniques may be used to quantify this
comparison to provide a score. The population data points
(e.g. R-R values) may be processed to remove spurious data
or other data that is considered to be noise. For example, it
may be possible to further refine the quantification of ER
values to reference values by being more selective in the
data that is used to quantify ER values to reference values.
The data may be collected only during a window of time
after therapy begins (e.g. after 10 days or other beginning
time period and before 50 days or other ending time period).
Additionally or alternatively, the data may be collected only
during certain windows of time within the burst periods.
Additionally or alternatively, the data may be collected only
when certain conditions are met (e.g. one or more of mean
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heart rate, activity, posture, time of day, or other condition
is/are within an acceptable range).

[0139] The process for detecting R-R intervals may
include detecting R peaks and band pass filtering with a
cut-off frequency (e.g. 30 Hz, 200 Hz) to remove any DC
component, low frequency oscillations and high frequency
noise. This filtered signal may then be scored (e.g. Z-score).
A 7-score can be found by subtracting the mean of the entire
period and normalizing by the standard deviation of the
entire period. The Z-scored ECG signal may be rectified to
convert negative R peaks into positive peaks. Local maxima
may be found using a threshold, and spurious maxima may
be removed to allow only one maxima within a window of
time for which it is unlikely that two R peaks would be
present. The resulting signal may be normalized, and con-
verted into a heart rate signal (r(t)).

1

)= —
0 (G —tiy1)

[0140] The heart rate signal may segmented into segments
or groups (e.g. less than 2 interpulse periods or one burst
period). For example, the heart rate signal may be seg-
mented into 60 second groups corresponding to one burst
period for intermittent ANS delivered using 10 second ON
and 50 second OFF stimulation protocol.

) =

Vi <1<t
L=l

ri(0) = r(t +60/)¥ 0 < 1 < 60 seconds

where j represents a trial corresponding to the segmentl. The
z-score can be calculated for data points at time t within the
segment (trial).

r-m
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Bxamples of a signature may be seen below.

[0141] FIG. 25 illustrates, by way of example, a method
for monitoring autonomic health using a subtle physiologi-
cal response to an ANS dose detected using an evoked
response metric. The ANS (e.g. VNS) may be delivered at
2521. Physiological parameter(s), such as heart rate, blood
pressure, respiration or variability parameters based on heart
rate, blood pressure and respiration rate may be recorded at
2522. Evoked response values (part of a first population
data) and reference values (part of second population data)
may be recorded. At 2523, an evoked response metric
(ERM) may be calculated to quantify a comparison of the
ER values to the reference values. Various embodiments
may use statistical techniques to calculate the ERM to
quantify the difference in a first population (with evoked
response values) and a second population (with NE values).
[0142] Some embodiments may record an electrocardio-
gram (ECG) (e.g. a P wave, a Q wave, an R wave and an S
wave within the cardiac cycle). The QRS waves may be
referred to together as a QRS complex. The ECG may be
recorded using external electrodes or internal electrodes.
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Some embodiments sense ECG using electrodes on a can of
an implantable device. The PQRS morphology can be ana-
lyzed and a change in the PQRS morphology can be calcu-
lated to reflect the change from a time before the VNS
therapy and during the VNS therapy. An effective therapy
can be associated with a desired PQRS morphology change
that can serve as a template. The illustrated method checks
determine if a current change in PQRS morphology corre-
sponds to the template for the desired PQRS morphology
change associated with the effective therapy, and titrates the
VNS (or ANS) in an effort to cause the PQRSA morphology
change to be closer to the template. The process can be
repeated until the PQRS change matches or nearly matches
the template for a desired PQRS change that is associated
with an effective therapy. Fiducial marks on the PQRS
waveforms may be used to detect the change in the PQRS
waveform. For example, a difference between a P fiducial
for a pre therapy waveform and a waveform during therapy
delivery may provide a change in P for comparison to the
template. Similarly the differences for a Q fiducial, an R
fiducial and an S fiducial can be determined for the pre
therapy waveform and the waveform during therapy deliv-
ery. A match may be determined if change in the fiducial is
sufficiently close (within a threshold) of the corresponding
fiducial in the template. More marks for comparison may
correspond to a better resolution determining a match.

[0143] When VNS is delivered for 10 sec every 60 sec,
acute effects on HR may be seen, including a stimulation
effect (SE) where HR is acutely lowered for about 10 sec
during the stimulation burst, and a rebound effect (RE)
where HR is increased for approximately 10 sec following
SE.

[0144] FIGS. 26A and 268 illustrate, by way of example,
a heat map (z(tj, 0.01)) of Z-scores for a plurality of trials
over a number days that provides a visual illustration of a
signature for a stimulation effect (SE) and rebound effect
(RE), and further illustrates Z-scores at different points
along the physiological waveform during the trial. The
function (z(t,j, 0.01)) refers to a filtered version of z(t,j). By
way of example, the filtered version may have a cut-off
frequency such as a cut-off frequency of 0.01 (or an average
over 100 trials). The heat map may be displayed using
multiple colors to show the gradation of Z-scores. A Z-score
identifies the difference between a current data point and the
mean using standard deviation. Thus, a Z score of “1”
indicates the score has a value that is one standard deviation
higher than the mean, and a Z score of “~1” indicates the
score has a value that is one standard deviation less than the
mean. In the illustrated example, VNS was not delivered
during the first several days (e.g. 7 days) and was stopped
after about 50 days. The trial period corresponds to the 60
second burst period for the intermittent stimulation, such
that each day has 24 hrx60 min/hr=1440 trials per day. The
SE time, illustrated within Trial 2 for FIG. 26B, indicates
that the Z-score within this time frame is between -1 and -2.
The RE time, illustrated within Trial 3 for FIG. 26B,
indicates that the Z-score within this time frame is between
0.5 and 1.5 The NE time, illustrated in Trial 4 for FIG. 26B,
illustrates that the Z-score within this time frame has a small
magnitude (e.g. 0-0.5). The heat map illustrated in FIG. 16A
illustrate a signature for the SE and a signature for the RE
within a burst period. Various embodiments adjust the ANS
to cause the signature to match a desired signature that is
effective for a given therapy (e.g. heart failure or hyperten-
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sion). By way of example and not limitation, a desired subtle
response may be identified using a magnitude of the change,
or a direction of the change, or a percent time that the
changes are detectable, or the presence of absence of a reflex
effect (RE), or a combination of these factors (e.g. signifi-
cant Z-score but with a minimal magnitude of change).

[0145] FIGS. 27A-27C illustrate additional examples for
quantifying a comparison between the SE and the reference
values. In the illustrations, the SE values are lower than the
RE values (FIG. 27A), the magnitude of the difference for
the SE is larger than the RE values, and the variability
increases during the times of the evoked response, which
includes both the SE and RE values. FIG. 27A illustrates
heart rate (HR) as a function of time calculated by averaging
over trial (TR), SE and RE zones. FIG. 27B illustrates a
heart rate (HR) difference between a trial (TR) and stimu-
lation effect (SE), and a HR difference between a reflex
effect (RE) and trial (TR). FIG. 27C illustrates HRV, in beats
per minute, for a trial and HRV for no effect (NE).

[0146] Template profiles may be used to create several
biomarkers. Biomarkers may be used to provide a reference
for monitoring autonomic health. Biomarkers may be used
to identify an effective ANS therapy such as but not limited
to average, acute, chronic magnitude of TR, SE, RE, TR-SE
RE-TR HR and NE, TR HRV, magnitude of high, low, very
low, very very low, very very very low frequencies HRV.

[0147] FIG. 28 illustrates, by way of example, ANS dose
timing to provide another way in which the first and second
population data may be captured. The illustrated ANS dose
includes intermittent stimulation during 4 trials (burst peri-
ods), followed by 6 trials (burst periods) without neural
stimulation. The first population data may be taken during
one or more of the first 4 trials which include neural
stimulation bursts, and the second population data may be
taken during one or more of the subsequent 6 trials which do
not include neural simulation bursts.

[0148] Some embodiments may titrate the ANS dose to
determine a smallest dose magnitude that can still provide a
detectable physiological effect. Some embodiments may
adjust the timing in which the first and second population
data is collected. For example, the first population data may
change from data during the stimulation burst to during the
stimulation burst and some time after the stimulation burst.
Some embodiments may adjust the trial length from being
the same as the burst period (e.g. 60 seconds) to a length
greater the burst period, but may still be less than two burst
periods. Thus, for example, NE values may be detected for
some time before and after ER values. Some embodiments
may score the ER values to look for acute effects (e.g. burst
to burst effects). Some embodiments may look for chronic
changes by turning on ANS for a longer period of time (e.g.
5 to 20 minutes) in which first population data may be
recorded and off for a longer period of time (e.g. 5 to 60
minutes) in which second population data may be recorded
to look for a signature in the relationship between the first
and second population data.

[0149] A device may capture data using various tech-
niques. For example, sensed physiological data may be
stored, and data marks or time marks may be added for use
to identify when simulation is applied. Some embodiments
may store the raw data (e.g. R-R intervals). Some embodi-
ments only record a sample size needed to detect the
signature. Thus, for example, if the signature is present for
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a given percentage of time, then one can expect to detect that
signature after so many trials.

[0150] Some embodiments may monitor a percentage of
time that a detectable signature is present. For example,
when the signal is detected a greater percentage of time, then
one may conclude that the underlying background of auto-
nomic activity is changing. For example, when the stimu-
lation is a vagal stimulation and the signal is detected a
greater percentage of time, one may conclude that the
underlying background is becoming more sympathetic.
When the stimulation is a vagal stimulation and the signal is
detected a smaller percentage of time, one may conclude that
the underlying background is becoming less sympathetic.
[0151] The response monitor may be remotely managed
and programmed. Thus, for example, a patient may wear
external ECG electrodes to collect data while they are away
from a clinical setting. Patient conditions or activities or
time may also be monitored. The ECG data may be tagged
with the patient conditions or activity or time. For example,
the ECG data may be stored with data indicating if the ECG
data was collected for a particular patient posture or a
particular patient activity or a particular time of day.
[0152] FIG. 29 illustrates, by way of example, an embodi-
ment of a system that includes an ANS dose delivery system
2925, a dose response monitor 2926, and an external device
2927. The external device 2927 may have a user interface,
of which a component may be a display 2928. The display
may be a touch screen display. The display may output
information to the user (patient, or clinician or other care-
giver), for use in monitoring autonomic health. For example,
as illustrated at 2929, the display may output the quantified
relationship (e.g. calculated ERM) between the first and
second population data. The display may output a trend of
scores (e.g. ERM scores) 2930. The display may illustrate or
otherwise identify the make-up of the first and second
population data 2931. For example, the display may identify
whether the first and second population data are exclusive
sets of data, if they have a union of data points, or if one set
encompasses all of the other set. The display may identify
the relative position of the first and/or second population
data with respect to the neural stimulation bursts (e.g.
coextensive with the bursts, during a portion of the burst,
over the course of 4 burst periods, etc.). The display may
also provide an indication of the response monitor calcula-
tion 2932. For example, recommended programming
changes and/or potential programming changes may be
made based on the reported scores. The display may also
identify the function applied to the population to determine
the ERM scores, and/or identify potential functions that may
be applied to the population.

[0153] FIG. 30 illustrates a system embodiment config-
ured to extract an evoked response and control stimulation
using the extracted response. Various device embodiments
include an ANS dose delivery system 3025, a dose response
monitor 3026 (which may be similar to the response monitor
2926 in FIG. 29) with a response extractor 3000 (which may
be similar to the response extractors in previous figures) that
is capable of providing feedback from sensors 3033 (e.g. HR
sensor). The ANS dose delivery system 3025 may also be
configured to delivery an ANS therapy in addition to deliv-
ering an ANS dose for use in monitoring autonomic health.
Examples of ANS therapy include neural stimulation to the
vagus nerve (VNS), carotid sinus nerve, glossopharyngeal
nerve, baroreceptor regions, chemoreceptor regions, spinal
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cord, and nerve roots. The ANS therapy can directly or
reflexively modulate heart rate, for example. The response
extractor 3000 can extract a representation of the evoked
response by determining how the heart rate and/or blood
pressure response during times of stimulation (e.g. a burst of
neural stimulation pulses) compares to the responses during
times without stimulation. The controller 3034 may be
configured to modulate the neurostimulation dose 3035 (e.g.
charge delivered over a period of time) and/or duty cycle
3036. The controller 3034 may control the pulse generator
3037 to control the pattern of pulses delivered to the patient.
In some embodiments, the pulse generator 3037 or control-
ler 3034 may provide a marker (“NS Event” marker) to the
response extractor for use to time the start and stop times for
recording physiological data.

[0154] The effect of the neural stimulation on HR or BP
may controlled by the NS dose, which consists of a complex
set of variables, including electrode design, stimulation site,
pulse amplitude, width and phase, pulse burst duration and
pattern, stimulation timing, and the like. The selection of N'S
dose may depend on the therapeutic application of the
device. In some applications, the NS dose may be selected
to decrease or increase HR or BP by directly stimulating
neural pathways that control HR or BP. This in turn may
result in compensatory reflex changes in HR or BP after the
NS event ends. In such cases, the NS event may cause an
oscillation of HR or BP that lasts for several seconds or
minutes. These are oscillatory evoked responses. They may
be preferred in some applications of the device to deliver a
combination of directly stimulated and reflex changes in
ANS activity. By altering the NS dose, the device can
control the magnitude, pattern, and duration of the evoked
responses. A device response extractor can measure these
evoked response parameters to be used by a controller to
adapt the NS dose to achieve a desired evoked response that
is subtle and/or inconstant, detectable using statistical tech-
niques to determine an ERM score.

[0155] Sensors 3033 may provide a continuous stream of
signal data to the response extractor 300. This data stream
can be digitized into a discrete time series for analysis. The
response extractor 3000 may be notified of each intermittent
NS event, and use these events to record or process the
signal time series to provide the first and second population
data. Multiple NS events may be analyzed to provide evoked
response data to the controller 3034. The controller 3034
may use this data according to programmed parameters to
control the duty cycle and/or the dose of the neurostimula-
tion. The controller may be programmed to adjust the NS
dose until the evoked response data match programmed
criteria (signature or ERM score). The controller 3034 may
provide search parameters to the response extractor 3000 to
control its functions, such as to set search criteria or search
windows for the extraction algorithms, or request which
evoked response data are to be extracted, among other
possibilities.

[0156] The illustrated system may also include dose con-
trol clock(s) 3038 to control the processes performed by the
system. For example, the clock(s) 3038 may include dose
control clock(s) for use to control the timing of the neural
stimulation pulses delivered in the bursts of pulses, and to
also control the timing of the neural stimulation burst of
pulses such as burst start, burst stop, burst duration, or
various combinations thereof. The therapy protocol clock(s)
may also control a schedule of neural stimulation dose.
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Some embodiments use a timer and a programmed schedule
to adjust VNS dose. The clock(s) 3038 may include a VNS
suspension clock or clocks for use to control timing of
stimulation suspensions. The stimulation suspensions may
override scheduled VNS times. For example, a patient may
indicate, via remote control or other external device, by
“tapping” over the implantable device, by a magnet, or
otherwise, a desire to suspend VNS because the VNS is not
being tolerated or because the VNS may interfere with an
activity (e.g. speaking, eating, etc.). Some embodiments
may, additionally or alternatively, suspend therapy for spe-
cific patient conditions. By way of example and not limita-
tion, the patient condition may be a respiration infection or
sore throat caused by a virus or another condition for which
a VNS may be more aggravating. The therapy suspension
clock can time the temporary suspension and reengage the
scheduled therapy after the suspension. The therapy suspen-
sion may be triggered by a dose monitor. For example, once
the desired level of stimulation has been delivered for a
given period of time (e.g. daily dose of stimulation), then the
dose monitor may suspend the therapy for the remainder of
that time (e.g. remainder of the day).

[0157] FIG. 31 illustrates a VNS system, according to
various embodiments. The VNS system is an example of an
ANS system. An implantable device may provide the entire
VNS system. Some embodiments use external devices to
provide the monitoring functions or some of the monitoring
functions, such as during implantation of an implantable
vagus nerve stimulator. The illustrated VNS system includes
VNS response monitor 3139 and a VNS therapy and test
dose delivery system 3140. It is noted that the VNS intensity
for the test dose to monitor autonomic health may be
independent of the VNS intensity delivered as part of the
VST.

[0158] The VNS therapy and test dose delivery system
may include a pulse generator 3141 to provide VNS therapy,
a controller 3142 configured with a modulator 3143 to
change or modulate intensity of the VST and clocks 3144.
The system may further include a VNS response monitor
3139 to provide feedback which may be used to allow the
patient, clinician or other caregiver to program adjustments
or which may be used to provide automatic or semiauto-
matic programming adjustments. The autonomic nervous
system is generally illustrated at 3145. Appropriate electrode
(s) 3146 are used to provide desired neural stimulation and
sensor(s) 3147 to sense a parameter that is affected by the
neural stimulation. Physiological parameter(s) that quickly
respond to VST can be used in closed loop systems or during
the implantation process. Examples of such parameters
include heart rate, laryngeal vibration, blood pressure, res-
piration, electrogram parameters. Other cardiovascular
parameter(s) and other surrogate parameters that have a
quick and predictable response indicative of the overall
response of the parasympathetic nervous system to the
neural stimulation. Other parameter(s) that have a slower
response may be used to confirm that a therapeutically-
effective dose is being delivered. The sensor(s) and electrode
(s) can be integrated on a single lead or can use multiple
leads. Additionally, various system embodiments implement
the functions using an implantable neural stimulator capable
of communicating with a distinct or integrated implantable
cardiac rhythm management device.

[0159] The VNS response monitor 3139 may include a
monitor 3148, a comparator 3149, and may further included

Mar. 23, 2017

a programmable targeted signature or template of a subtle
and/or inconsistent response 3150, and may include pro-
grammable boundary value(s) 3151 that may limit the
adjustments during a titration routine. The illustrated moni-
tor 3148 monitors the parameter during a time with stimu-
lation to provide a first feedback signal 3152 indicative of a
parameter value corresponding to a time with stimulation
and during a time without stimulation to provide a second
feedback signal 3153 indicative of a parameter value cor-
responding to a time without stimulation. The signals 3152
and 3153 are illustrated as separate lines. These signals can
be sent over different signal paths or over the same signal
path. A comparator 3149 receives the first and second
feedback signals 3152 and 3153 and determines a detected
change in the parameter value based on these signals.
Additionally, the comparator compares the detected change
with an allowed change, which can be programmed into the
device. For example, the device can be programmed to allow
a heart rate reduction during VST to be no less than a
percentage (e.g. on the order of 95%) of heart rate without
stimulation. The device may be programmed with a quan-
titative value to allow a heart rate reduction during VST to
be no less than that quantitative value (e.g. 5 beats per
minute) than heart rate without stimulation. The monitor
3148 may include a response extractor 3100, similar to
previously-described response extractors that analyzes a first
population of data that includes data during the time with
stimulation and a second population of data that includes
data during the time without stimulation. The response
extractor may calculate an ERM score or otherwise quantify
a relation between the first and second populations. The
comparator 3149 may compare the ERM score from the
response extractor (or other quantified score) to the targeted
signature 3150 for the subtle response and provide a com-
parison result to the controller 3142.

[0160] As illustrated, the system may be programmed with
an upper boundary value 3151 corresponding to a monitored
parameter value used to provide an upper boundary on VST
intensity, and the VST response monitor 3139 may include
an upper boundary parameter monitor 3154. The upper
boundary parameter monitor provides a signal indicative of
a sensed value for the parameter, which is compared to the
upper boundary value. The VST intensity is adjusted to be
below the upper VST intensity, as detected using the upper
boundary value and upper boundary parameter monitor. The
upper boundary value may be pre-programmed based on
patient-specific responses to VST or based on data for a
patient population. The illustrated embodiment monitors
heart rate, and compares sensed heart rate to a prepro-
grammed heart rate corresponding to an upper boundary for
VST intensity. The system may also be programmed with a
lower boundary value 3151 corresponding to a monitored
parameter value used to provide a lower boundary on VST
intensity, and the VST response monitor 3148 includes a
lower boundary parameter monitor 3155. The lower bound-
ary parameter monitor provides a signal indicative of a
sensed value for the parameter, which is compared to the
lower boundary value. The VST intensity is adjusted to be
above the lower VST intensity, as detected using the lower
boundary value and lower boundary parameter monitor. The
lower boundary value may be pre-programmed based on
patient-specific responses to VST or based on data for a
patient population. The illustrated embodiment monitors
laryngeal vibration.



US 2017/0079598 A1l

[0161] Some embodiments use a therapy protocol that
adjusts the VST intensity, limited by the upper boundary for
the VST intensity and in some embodiments by the lower
boundary for the VST intensity, to provide the targeted
signature for the subtle response. The VST intensity can be
adjusted, within the allowed bounds set by the present
subject matter, based on other parameters such as blood
pressure, respiration, and electrogram measurement. Some
therapy protocols adjust the targeted subtle response, and
may also adjust the upper boundary and/or lower boundary
for VNS therapy intensity based on a schedule (e.g. time of
day) or sensed data (e.g. activity). Some examples of pro-
grammable parameters that may be used and modified based
on an evoked response can include parameters used to adjust
the intensity of the neural stimulation 3156, such as ampli-
tude 3157, frequency 3158, pulse width 3159. Some
embodiments adjust the neural stimulation schedule 3160 to
adjust the neural stimulation intensity. Examples of schedule
parameters 3160 include therapy duration 3161 (e.g. how
many minutes the INS therapy protocol is delivered), start/
stop times 3162 (e.g. when to start or stop the INS therapy
protocol), stimulation period 3163 (e.g. the burst interval of
the INS therapy protocol), stimulation train duration per
stimulation period 3164 (e.g. the burst duration of the INS
therapy protocol), duty cycle 3165 (e.g. the stimulation
duration/stimulation period of the INS therapy protocol),
and a ramp up and/or ramp down 3166 for the intensity of
the stimulation burst. Some embodiments are designed with
the ability to operationally position a plurality of electrodes
near the neural pathway to stimulate different locations
along the neural pathway to initiate an action potential at
these different locations along the neural pathway. As gen-
erally illustrated at 3167, some embodiments change where
the nerve is stimulated and/or the vectors used to change the
distance that the action potential has to travel before induc-
ing a response, and thus changes the timing of the response
induced by the action potential for a direct response or a
reflex response. Some embodiments control whether an
efferent or afferent pathway is being stimulated, as illus-
trated generally at 3168. Some embodiments may change
VNS intensity by targeting different nerve fiber populations.
By way of example and not limitation, different nerve fibers
may be targeted by adjusting the stimulation field by current
steering and/or changing electrodes. Adjustment of these
parameters may be used to adjust the evoked response (e.g.
stimulation effect and reflex).

[0162] As illustrated, the system may include a patient
tolerance control 3169 which may be an input for respond-
ing to a patient signal or an input to receive a signal from the
system if the system can detect or derive that the patient is
unable to tolerate the therapy. The controller may respond by
maintaining the pulse amplitude by but reducing the overall
dose by reducing other parameter(s) (e.g. frequency, or pulse
width, or various scheduling parameters.) The neural stimu-
lation delivered during the duty cycle can be delivered using
a variety of neural stimulation techniques, such as stimula-
tion that uses electrical, ultrasound, thermal, magnetic, light
(optigenetics) or mechanical energy (such as acupuncture).
Electrical neural stimulation is used in this document as an
example of neural stimulation. In electrical stimulation, for
example, a train of neural stimulation pulses (current or
voltage) can be delivered during a duty cycle of stimulation.
Stimulation pulse waveforms can be square pulses or other
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morphologies. Additionally, the stimulation pulses can be
monophasic or biphasic pulses.

[0163] The illustrated system for delivering VNS therapy
may useful in extended therapy applications. Examples of
extended therapy applications involve applying stimulation
to prevent remodeling of cardiac tissue and to reverse
remodel cardiac tissue in cardiovascular disease. VNS
therapy can be applied for a portion (approximately 10
seconds) of each minute, for example. A VNS therapy dose
may be adjusted by adjusting the duration or duty cycle of
the stimulation (e.g. approximately 5 seconds or 15 seconds
each minute or approximately 5 to 15 seconds every 30
seconds or approximately 5 to 30 seconds every 2 minutes,
or approximately 5 seconds to 3 minutes every 5 minutes or
a continuous stimulation). According to an embodiment, the
VNS therapy non-selectively stimulates both efferent and
afferent axons. The illustrated values are provided by way of
example, and not limitation. Over the course of days, weeks,
months and years, the physiological response to VNS
therapy can vary for a number of reasons, such as nerve
adaptation, tissue encapsulation, fibrosis, impedance
changes, and the like. Further, the patient health and disease
state may change. Additionally, the activity or other status or
condition of the patient may also change. Therefore, it is
desirable to be able to quantify the evoked response of the
stimulation to make adjustments that accommodate these
changes.

[0164] Open loop VST systems set the VST intensity
during VST testing. This VST testing may be based on a
relatively large human population or may be performed
during the implantation procedure. By way of example, VST
intensity for an open loop system may be titrated as follows.
When VST is turned on for the first time, the heart rate is
monitored during testing. If there is any significant brady-
cardia (e.g. more than a 5% drop in heart rate) during the ON
time of VST cycle, VST intensity (also referred to as VST
dose) will be reduced. The VST dose can be reduced by
adjusting one or more VST parameters such as amplitude,
frequency, pulse width, etc. During the follow-up office
visits for therapy titration, VST parameters may be adjusted
to provide a therapeutically-effective dose at a targeted
subtle therapeutic response.

[0165] FIG. 32 illustrates an implantable medical device
(IMD) 3269 having a neural stimulation (NS) component
3270 and a cardiac rhythm management (CRM) component
3271 according to various embodiments of the present
subject matter. The illustrated device includes a controller
3272 and memory 3273. According to various embodiments,
the controller includes hardware, software, firmware or a
combination thereof to perform the neural stimulation and
CRM functions. For example, the programmed therapy
applications discussed in this disclosure are capable of being
stored as computer-readable instructions embodied in
memory and executed by a processor. For example, stimu-
lation schedule(s) and programmable parameters can be
stored in memory. According to various embodiments, the
controller includes a processor to execute instructions
embedded in memory to perform the neural stimulation and
CRM functions, as well as the ANS dose delivered to
monitor autonomic health. The illustrated neural stimulation
therapy can include various neural stimulation therapies,
such as a heart failure therapy or a hypertension therapy.
Various embodiments include CRM therapies, such as bra-
dycardia pacing, anti-tachycardia therapies such as ATP,
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defibrillation and cardioversion, and cardiac resynchroniza-
tion therapy (CRT). The illustrated device further includes a
transceiver 3274 and associated circuitry for use to commu-
nicate with a programmer or another external or internal
device. Various embodiments include a telemetry coil.

[0166] The CRM therapy section 3271 includes compo-
nents, under the control of the controller, to stimulate a heart
and/or sense cardiac signals using one or more electrodes.
The illustrated CRM therapy section includes a pulse gen-
erator 3275 for use to provide an electrical signal through an
electrode to stimulate a heart, and further includes sense
circuitry 3276 to detect and process sensed cardiac signals.
An interface 3277 is generally illustrated for use to com-
municate between the controller 3277 and the pulse genera-
tor 3275 and sense circuitry 3276. Three electrodes are
illustrated as an example for use to provide CRM therapy.
However, the present subject matter is not limited to a
particular number of electrode sites. Fach electrode may
include its own pulse generator and sense circuitry. How-
ever, the present subject matter is not so limited. The pulse
generating and sensing functions can be multiplexed to
function with multiple electrodes.

[0167] TheNS therapy section 3270 includes components,
under the control of the controller, to stimulate a neural
stimulation target and/or sense parameters associated with
nerve activity or surrogates of nerve activity such as blood
pressure, heart rate and respiration. Three interfaces 3278
are illustrated for use to provide neural stimulation. How-
ever, the present subject matter is not limited to a particular
number interfaces, or to any particular stimulating or sens-
ing functions. Pulse generators 3279 are used to provide
electrical pulses to transducer or transducers for use to
stimulate a neural stimulation target. According to various
embodiments, the pulse generator includes circuitry to set,
and in some embodiments change, the amplitude of the
stimulation pulse, the pulse width of the stimulation pulse,
the frequency of the stimulation pulse, the burst frequency
of the pulse, and the morphology of the pulse such as a
square wave, sinusoidal wave, and waves with desired
harmonic components. Sense circuits 3280 are used to detect
and process signals from a sensor, such as a sensor of nerve
activity, blood pressure, respiration, and the like. The inter-
faces 3278 are generally illustrated for use to communicate
between the controller 3272 and the pulse generator 3279
and sense circuitry 3280. Each interface, for example, may
be used to control a separate lead. Various embodiments of
the NS therapy section only include a pulse generator to
stimulate a neural target. The illustrated device further
includes a clock/timer 3281 or multiple clocks/timers, which
can be used to deliver the programmed therapy according to
a programmed stimulation protocol and/or schedule and to
suspend therapy. The controller 3272 may include a
response extractor, and may also control the therapy accord-
ing to programmable therapy dose, duty cycle, and search
parameters, as discussed previously.

[0168] FIG. 33 shows a system diagram of an embodiment
of a microprocessor-based implantable device, according to
various embodiments. The controller of the device is a
microprocessor 3382 which communicates with a memory
3383 via a bidirectional data bus. The controller could be
implemented by other types of logic circuitry (e.g., discrete
components or programmable logic arrays) using a state
machine type of design. As used herein, the term “circuitry”
should be taken to refer to either discrete logic circuitry or
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to the programming of a microprocessor. Shown in the figure
are three examples of sensing and pacing channels desig-
nated “A” through “C” comprising bipolar leads with ring
electrodes 3384A-C and tip electrodes 3385A-C, sensing
amplifiers 3386A-C, pulse generators (“stimulus™) 3387A-
C, and channel interfaces 3388A-C. Each channel thus
includes a pacing channel made up of the pulse generator
connected to the electrode and a sensing channel made up of
the sense amplifier connected to the electrode. The channel
interfaces 3388A-C communicate bidirectionally with the
microprocessor 3382, and each interface may include ana-
log-to-digital converters for digitizing sensing signal inputs
from the sensing amplifiers and registers that can be written
to by the microprocessor in order to output pacing pulses,
change the pacing pulse amplitude, and adjust the gain and
threshold values for the sensing amplifiers. The sensing
circuitry of the pacemaker detects a chamber sense, either an
atrial sense or ventricular sense, when an electrogram signal
(i.e., a voltage sensed by an electrode representing cardiac
electrical activity) generated by a particular channel exceeds
a specified detection threshold. Pacing algorithms used in
particular pacing modes employ such senses to trigger or
inhibit pacing. The intrinsic atrial and/or ventricular rates
can be measured by measuring the time intervals between
atrial and ventricular senses, respectively, and used to detect
atrial and ventricular tachyarrhythmias.

[0169] The electrodes of each bipolar lead are connected
via conductors within the lead to a switching network 3389
controlled by the microprocessor. The switching network is
used to switch the electrodes to the input of a sense amplifier
in order to detect intrinsic cardiac activity and to the output
of a pulse generator in order to deliver a pacing pulse. The
switching network also enables the device to sense or pace
either in a bipolar mode using both the ring and tip elec-
trodes of a lead or in a unipolar mode using only one of the
electrodes of the lead with the device housing (can) 3390 or
an electrode on another lead serving as a ground electrode.
Some embodiments may have multiple can electrodes such
as may be used to sense electrocardiograms (ECGs). Some
embodiments provide a shock pulse generator 3391 inter-
faced to the controller for delivering a defibrillation shock
via shock electrodes 3392 and 3393 to the atria or ventricles
upon detection of a shockable tachyarrhythmia.

[0170] Neural stimulation channels, identified as channels
D and E, are incorporated into the device for delivering
parasympathetic and/or sympathetic excitation and/or para-
sympathetic and/or sympathetic inhibition, where one chan-
nel includes a bipolar lead with a first electrode 3394D and
a second electrode 3395D, a pulse generator 3396D, and a
channel interface 3397D, and the other channel includes a
bipolar lead with a first electrode 3394E and a second
electrode 3395E, a pulse generator 3396E, and a channel
interface 3397E. Other embodiments may use unipolar leads
in which case the neural stimulation pulses are referenced to
the can or another electrode. Other embodiments may use
tripolar or multipolar leads. In various embodiments, the
pulse generator for each channel outputs a train of neural
stimulation pulses which may be varied by the controller as
to amplitude, frequency, duty-cycle, and the like. In some
embodiments, each of the neural stimulation channels uses
a lead which can be intravascularly disposed near an appro-
priate neural target. Other types of leads and/or electrodes
may also be employed. A nerve cuff electrode may be used
in place of an intravascularly disposed electrode to provide
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neural stimulation. In some embodiments, the leads of the
neural stimulation electrodes are replaced by wireless links.

[0171] The figure illustrates a telemetry interface 3398
connected to the microprocessor, which can be used to
communicate with an external device. The illustrated micro-
processor 2489 is capable of performing neural stimulation
therapy routines and myocardial (CRM) stimulation routines
and is also capable of monitoring autonomic health by
evaluating subtle and/or inconsistent responses to an ANS
dose. Examples of NS therapy routines include, but are not
limited to, therapies to provide physical conditioning and
therapies to treat ventricular remodeling, hypertension, sleep
disordered breathing, blood pressure control such as to treat
hypertension, cardiac rhythm management, myocardial
infarction and ischemia, heart failure, epilepsy, depression,
for pain, migraines, eating disorders and obesity, and move-
ment disorders. Examples of myocardial therapy routines,
but are not limited to, include bradycardia pacing therapies,
anti-tachycardia shock therapies such as cardioversion or
defibrillation therapies (including subcutaneous implantable
cardioverter-defibrillators), anti-tachycardia pacing thera-
pies (ATP), and cardiac resynchronization therapies (CRT).
Additional sensors (not illustrated) such as respiration and
blood pressure sensors may also be incorporated into the
system for use in titrating an ANS therapy. An ANS dose
routine may be performed to deliver a test dose of stimula-
tion via stimulus 3396D or 3396E, and monitor HR via
sensing amplifiers 3386A-C.

[0172] FIG. 34 illustrates a system 3401 including an
implantable medical device (IMD) 3402 and an external
system or device 3403, according to various embodiments of
the present subject matter. Various embodiments of the IMD
include NS functions or include a combination of NS (e.g.
ANS dose) and CRM functions. The IMD may also deliver
biological agents and pharmaceutical agents. The external
system and the IMD are capable of wirelessly communicat-
ing data and instructions. In various embodiments, for
example, the external system and IMD use telemetry coils to
wirelessly communicate data and instructions. Thus, the
programmer can be used to adjust the programmed therapy
provided by the IMD, and the IMD can report device data
(such as battery and lead resistance) and therapy data (such
as sense and stimulation data) to the programmer using radio
telemetry, for example. The external system allows a user
such as a physician or other caregiver or a patient to control
the operation of the IMD and obtain information acquired by
the IMD. In one embodiment, the external system includes
a programmer communicating with the IMD bi-directionally
via a telemetry link. In another embodiment, the external
system is a patient management system including an exter-
nal device communicating with a remote device through a
telecommunication network. The external device is within
the vicinity of the IMD and communicates with the IMD
bi-directionally via a telemetry link. The remote device
allows the user to monitor and treat a patient from a distant
location. The patient monitoring system is further discussed
below. The telemetry link provides for data transmission
from the implantable medical device to the external system.
This includes, for example, transmitting real-time physi-
ological data acquired by the IMD, extracting physiological
data acquired by and stored in the IMD, extracting therapy
history data stored in the implantable medical device, and
extracting data indicating an operational status of the IMD
(e.g., battery status and lead impedance). The telemetry link
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also provides for data transmission from the external system
to the IMD. This includes, for example, programming the
IMD to acquire physiological data, programming the IMD to
perform at least one self-diagnostic test (such as for a device
operational status), and programming the IMD to deliver at
least one therapy.

[0173] FIG. 35 illustrates a system 3501 including an
external device 3503, an implantable neural stimulator (NS)
device 3504 which may be used to provide a NS dose or
therapy and an implantable cardiac rhythm management
(CRM) device 3505, according to various embodiments of
the present subject matter. The CRM device may be a
pacemaker, a cardioverter, a defibrillator, a CRT device, or
a subcutaneous implantable cardioverter-defibrillator. Vari-
ous aspects involve communication between an NS device
and a CRM device or other cardiac stimulator. In various
embodiments, this communication may allow the NS device
to deliver ANS dose to monitor autonomic health or may
allow one of the devices 2613 or 2614 to deliver more
appropriate therapy (i.e. more appropriate NS therapy or
CRM therapy) based on data received from the other device.
Additionally, the sensors from the CRM device may monitor
HR, BP, or another parameter for the response to the neural
stimulation. Some embodiments provide on-demand com-
munications. The illustrated NS device and the CRM device
are capable of wirelessly communicating with each other,
and the external system is capable of wirelessly communi-
cating with at least one of the NS and the CRM devices. For
example, various embodiments use telemetry coils to wire-
lessly communicate data and instructions to each other. In
other embodiments, communication of data and/or energy is
by ultrasonic means. Rather than providing wireless com-
munication between the NS and CRM devices, various
embodiments provide a communication cable or wire, such
as an intravenously-fed lead, for use to communicate
between the NS device and the CRM device. In some
embodiments, the external system functions as a communi-
cation bridge between the NS and CRM devices.

[0174] FIGS. 36-39 illustrate system embodiments
adapted to provide vagal stimulation, and are illustrated as
bilateral systems that can stimulate both the left and right
vagus nerve. Those of ordinary skill in the art will under-
stand, upon reading and comprehending this disclosure, that
systems can be designed to stimulate only the right vagus
nerve, systems can be designed to stimulate only the left
vagus nerve, and systems can be designed to bilaterally
stimulate both the right and left vagus nerves. The systems
can be designed to stimulate nerve traffic (providing a
parasympathetic response when the vagus is stimulated), or
to inhibit nerve traffic (providing a sympathetic response
when the vagus is inhibited). Various embodiments deliver
unidirectional stimulation or selective stimulation of some
of the nerve fibers in the nerve, and various embodiments
may deliver non-selective bidirectional stimulation of the
nerve fibers. The ANS dose may be delivered to the right
and/or left vagus nerve. Those of ordinary skill in the art will
also understand, upon reading and comprehending this dis-
closure, that similar systems may be designed to stimulate
other ANS targets such as, by way of example and not
limitation the carotid sinus nerve, the glossopharyngeal
nerve, baroreceptor regions, and chemoreceptor regions.

[0175] FIG. 36 illustrates a system embodiment in which
an IMD 3606 is placed subcutaneously or submuscularly in
a patient’s chest with lead(s) 3607 positioned to stimulate a
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vagus nerve. According to various embodiments, neural
stimulation lead(s) 3607 are subcutaneously tunneled to a
neural target, and can have a nerve cuff electrode to stimu-
late the neural target or may have electrode(s) place proxi-
mately within the carotid sheath. Some vagus nerve stimu-
lation lead embodiments are intravascularly fed into a vessel
proximate to the neural target, and use electrode(s) within
the vessel to transvascularly stimulate the neural target. For
example, some embodiments stimulate the vagus using
electrode(s) positioned within the internal jugular vein.
Other embodiments deliver neural stimulation to the neural
target from within the trachea, the laryngeal branches of the
internal jugular vein, and the subclavian vein. The neural
targets can be stimulated using other energy waveforms,
such as ultrasound and light energy waveforms. Other neural
targets can be stimulated, such as cardiac nerves and cardiac
fat pads. The illustrated system includes leadless ECG
electrodes 3608 on the housing of the device. These ECG
electrodes are capable of being used to detect R-R intervals,
PQRS waveforms, or heart rate, for example.

[0176] FIG. 37 illustrates a system embodiment that
includes an implantable medical device (IMD) 3706 with
satellite electrode(s) 3709 positioned to stimulate at least
one neural target. The satellite electrode(s) are connected to
the IMD, which functions as the planet for the satellites, via
a wireless link. Stimulation and communication can be
performed through the wireless link. Examples of wireless
links include RF links and ultrasound links. Examples of
satellite electrodes include subcutaneous electrodes, nerve
cuff electrodes and intravascular electrodes. Various
embodiments include satellite neural stimulation transducers
used to generate neural stimulation waveforms such as
ultrasound and light waveforms. The illustrated system
includes leadless ECG electrodes on the housing of the
device. These ECG electrodes 3708 are capable of being
used to detect R-R intervals, PQRS waveforms, or heart rate,
for example.

[0177] FIG. 38 illustrates an IMD 3806 placed subcuta-
neously or submuscularly in a patient’s chest with lead(s)
3810 positioned to provide a CRM therapy to a heart, and
with lead(s) 3807 positioned to stimulate and/or inhibit
neural traffic at a neural target, such as a vagus nerve,
according to various embodiments. According to various
embodiments, neural stimulation lead(s) are subcutaneously
tunneled to a neural target, and can have a nerve cuff
electrode to stimulate the neural target. Some lead embodi-
ments are intravascularly fed into a vessel proximate to the
neural target, and use transducer(s) within the vessel to
transvascularly stimulate the neural target. For example,
some embodiments target the vagus nerve using electrode(s)
positioned within the internal jugular vein.

[0178] FIG. 39 illustrates an IMD 3906 with lead(s) 3910
positioned to provide a CRM therapy to a heart, and with
satellite transducers 3909 positioned to stimulate/inhibit a
neural target such as a vagus nerve, according to various
embodiments. The satellite transducers are connected to the
IMD, which functions as the planet for the satellites, via a
wireless link. Stimulation and communication can be per-
formed through the wireless link. Examples of wireless links
include RF links and ultrasound links. Although not illus-
trated, some embodiments perform myocardial stimulation
using wireless links. Examples of satellite transducers
include subcutaneous electrodes, nerve cuff electrodes and
intravascular electrodes.
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[0179] FIG. 40 illustrates, by way of example, an IMD
4006 with a lead 4007 positioned to stimulate and/or inhibit
neural traffic at a vagus nerve, according to various embodi-
ments. Some embodiments may use implantable sensor(s)
4011, such as ECG or respiratory sensors, to sense physi-
ological parameters for use in detecting the subtle and/or
inconsistent physiological response. Sensed data from the
implantable sensor(s) may be recorded in the IMD 4006.
Some embodiments may use external sensor(s) 4012, such
as blood pressure, ECG or respiratory sensor, to sense
physiological parameters for use in detecting the subtle
physiological response. Sensed data from the external sensor
(s) 4012 may be recorded in an external recorder such as a
wearable recorder 4013. In some embodiments, the wearable
recorder 4013 may communicate with the IMD 4006. In
some embodiments, the wearable recorder may communi-
cate with an external system 4014 such as but not limited to
a programmer. In some embodiments, the IMD 4006 may
communicate with an external system 4014 such as but not
limited to a programmer.

[0180] FIG. 41 is a block diagram illustrating an embodi-
ment of an external system 4115. The external system
includes a programmer, in some embodiments. In the illus-
trated embodiment, the external system includes a patient
management system. As illustrated, the external system 4115
is a patient management system including an external device
4116, a telecommunication network 4117, and a remote
device 4118. The external device 4115 is placed within the
vicinity of an implantable medical device (IMD) and
includes an external telemetry system 4119 to communicate
with the IMD. The remote device(s) 4118 is in one or more
remote locations and communicates with the external device
4116 through the network 4117, thus allowing a physician or
other caregiver to monitor and treat a patient from a distant
location and/or allowing access to various treatment
resources from the one or more remote locations. The
illustrated remote device 4118 includes a user interface
4120. According to various embodiments, the external
device 4116 includes a neural stimulator, a programmer or
other device such as a computer, a personal data assistant or
phone. The external device 4116, in various embodiments,
includes two devices adapted to communicate with each
other over an appropriate communication channel. The
external device can be used by the patient or physician to
provide side effect feedback indicative of patient discomfort,
for example.

[0181] Patient management systems may be used to enable
the patient and/or doctor to monitor autonomic health, and
may be used to adjust parameter(s) to compensate for
undesired responses, such as may be sensed by physiologic
parameters and output to the patient and/or doctor. The
inputs may be provided by computers, programmers, cell
phones, personal digital assistants, and the like. The patient
may call a call center using a regular telephone, a mobile
phone, or the Internet. The communication can be through a
repeater, similar to that used in Boston Scientific’s Latitude
patient management system. In response, the call center (e.g.
server in call center) may automatically send information to
the device to adjust or titrate the therapy. The call center may
inform the patient’s physician of the event. A device inter-
rogation may be automatically triggered. The results of the
device interrogation may be used to determine if and how
the therapy should be adjusted and/or titrated to improve the
response. A server can automatically adjust and/or titrate the
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therapy using the results of the device interrogation. Medical
staff may review the results of the device interrogation, and
program the device through the remote server to provide the
desired therapy adjustments and/or titrations. The server
may communicate results of the device interrogation to the
patient’s physician, who may provide input or direction for
adjusting and/or titrating the therapy.

[0182] FIG. 42 illustrates, by way of example and not
limitation, an embodiment of a system, various components
of which may be used to store the population data and
process the population data to score the data. The illustrated
system may include an implantable device 4221, an external
device 4222, a clinician programmer 4223, a network 4224
and server(s) 4225 connected through the network. Any one
or combination of the devices may store data, and any one
or combination of the devices may process the data. Fur-
thermore, by way of example, the external patient device
4222 and/or the clinician programmer may be connected to
the same or different storage.

[0183] One of ordinary skill in the art will understand that,
the modules and other circuitry shown and described herein
can be implemented using software, hardware, and combi-
nations of software and hardware. As such, the terms module
and circuitry, for example, are intended to encompass soft-
ware implementations, hardware implementations, and soft-
ware and hardware implementations.

[0184] The methods illustrated in this disclosure are not
intended to be exclusive of other methods within the scope
of the present subject matter. Those of ordinary skill in the
art will understand, upon reading and comprehending this
disclosure, other methods within the scope of the present
subject matter. The above-identified embodiments, and por-
tions of the illustrated embodiments, are not necessarily
mutually exclusive. These embodiments, or portions thereof,
can be combined. A system may be configured to implement
the method. The system may be configured with hardware,
software, firmware, or any combination thereof to imple-
ment the method. In various embodiments, the methods are
implemented using computer data in tangible media, that
represents a sequence of instructions which, when executed
by one or more processors cause the processor(s) to perform
the respective method or at least a portion of the method. In
various embodiments, the methods are implemented as a set
(or sets) of instructions contained on a computer-accessible
medium (or media) capable of directing a processor or other
controller to perform the respective method or at least a
portion of the method. In various embodiments, the medium
or media include at least one of a magnetic medium, an
electronic medium, or an optical medium.

[0185] The above detailed description is intended to be
illustrative, and not restrictive. Other embodiments will be
apparent to those of skill in the art upon reading and
understanding the above description. The scope of the
invention should, therefore, be determined with reference to
the appended claims, along with the full scope of equivalents
to which such claims are entitled.

What is claimed is:

1. A method, comprising:

delivering an autonomic neural stimulation (ANS) dose,
including delivering stimulation pulses to evoke physi-
ological responses;
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recording physiological parameter values, including:
recording first population data, the first population data
including evoked response (ER) values correspond-
ing to the evoked physiological responses; and
recording second population data, the second popula-
tion data including reference values that include no
effect (NE) values corresponding to times without an
evoked physiological response;
calculating evoked response metrics (ERMs) using the
first and second population data, each of the ERMs
being dependent on background autonomic activity;
analyzing the FRMs to provide ERM analysis; and
providing an indication of autonomic health using the
ERM analysis.

2. The method of claim 1, wherein analyzing the ERMs
includes comparing the ERMs to at least one reference value
to provide the ERM analysis used to provide the indication
of autonomic health.

3. The method of claim 1, wherein analyzing the ERMs
includes trending the ERMs to provide the ERM analysis
used to provide the indication of autonomic health.

4. The method of claim 1, wherein the ER values include:

stimulation effect (SE) values corresponding to direct

responses to delivered stimulation pulses; or

reflex effect (RE) values corresponding to reflex

responses after delivered stimulation pulses; or

both SE values and RE values.

5. The method of claim 1, wherein delivering the ANS
dose includes delivering bursts of neural stimulation pulses,
the NE values including values during times between suc-
cessive bursts of neural stimulation pulses.

6. The method of claim 1, wherein the physiological
parameter values include at least one of: heart rate values or
heart rate variability values.

7. The method of claim 1, wherein the physiological
parameter values include at least one of: respiratory values
or respiratory variability values.

8. The method of claim 1, wherein the physiological
parameter values include at least one of: blood pressure
values or blood pressure variability values.

9. The method of claim 1, wherein recording physiologi-
cal parameter values includes recording electrocardiograms
(ECGs), and calculating ERMs includes calculating ERMs
using a statistical analysis of at least one feature of the
ECGs.

10. The method of claim 1, whetein calculating ERMs
includes:

Z-scoring groups of recorded physiological parameter

values to obtain Z-scores for each of the groups; or

T-scoring groups of recorded physiological parameter

values to obtain T-scores for each of the groups.

11. The method of claim 1, wherein delivering the ANS
dose includes delivering neural stimulation to a vagus nerve.

12. The method of claim 1, wherein delivering the ANS
dose includes delivering neural stimulation to a carotid sinus
nerve or a glossopharyngeal nerve.

13. The method of claim 1, wherein delivering the ANS
dose includes delivering neural stimulation to a baroreceptor
region or to a chemoreceptor region.

14. A method, comprising:

delivering a vagal nerve stimulation (VNS) dose, the VNS

dose including a plurality of stimulation bursts, each
stimulation burst including a plurality of neural stimu-
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lation pulses, and successive neural stimulation bursts
are separated by a time without neural stimulation
pulses;

sensing heart rate and recording heart rate values, includ-

ing:

recording first population data, the first population data
including evoked response (ER) values correspond-
ing to the evoked heart rate effects to stimulation
bursts; and

recording second population data, the second popula-
tion data including reference values that include no
effect (NE) values corresponding to heart rate values
that are not evoked heart rate responses to stimula-
tion bursts;

calculating evoked response metrics (ERMs) to quantify

a relationship between the first population data and the
second population data, each of the ERMs being depen-
dent on background sympathetic activity:

analyzing the FRMs to provide ERM analysis; and

providing an indication of autonomic health using the

ERM analysis.

15. The method of claim 14, further comprising adjusting
the ANS dose in steps, calculating an ERM for each step and
comparing the ERM to a reference value to monitor auto-
nomic health.
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16. The method of claim 14, wherein analyzing the ERMs
includes comparing the ERMs to at least one reference value
to provide the ERM analysis used to provide the indication
of autonomic health.

17. The method of claim 14, wherein analyzing the ERMs
includes trending the ERMs to provide the ERM analysis
used to provide the indication of autonomic health.

18. The method of claim 14, further comprising detecting
a patient status or a patient condition, and tagging the ERMs
with the detected patient status or condition.

19. The method of claim 14, wherein:

the ER values in the first population data include stimu-
lation effect (SE) values corresponding to direct
responses to stimulation bursts; and

calculating ERMs includes analyzing for a SE signature.

20. The method of claim 14, wherein:

the ER values in the first population data include reflex
effect (RE) values corresponding to reflex responses
after stimulation bursts; and

calculating the ERM to quantify the relationship between
the first population data and the second population data
includes analyzing for a RE signature.

* ok %k



THMBW(EF)

[ i (S RIR) A ()
e (S IR) A (%)

HAT R E (TR AGE)

RT®ENBERENREMNGE

US20170079598A1 K (2E)R
US15/273302 iR
D REESRBRA LR

D AEERERR | INC.

DBEREIESRR |, INC.

patsnap

2017-03-23

2016-09-22

FRI& B A STOLEN CRAIG
RUBLE STEPHEN B
AGARWAL RAHUL
WOLD NICHOLAS
-3:IN STOLEN, CRAIG
RUBLE, STEPHEN B.
AGARWAL, RAHUL
WOLD, NICHOLAS
IPCH %5 A61B5/00 A61B5/0402 A61B5/08 A61N1/36 A61B5/0215 A61B5/024
CPCH#%E A61B5/7275 A61B5/0215 A61B5/02405 A61B5/0816 A61N1/36117 A61N1/36053 A61N1/36139 A61B5
/0402 A61N1/36114 A61B5/04001 A61B5/0456 A61B5/4035 A61B5/4848 A61N1/0456 A61N1/0551
AB1N1/36178 G16H50/30
1 54X 62/222005 2015-09-22 US
AT ST US10188353
NEBGELE Espacenet USPTO
BE(R) s
ATYUNBERENRETUSEATHELRE (ANS ) FI2BE RS AR
MU RIIRENER . WAIRERER A AME BN ICREBSHE , ZEESH g SqRINRLY ’,w "
BREE BRI | 25— BANIE SIS 5% X 09 £ 2 R SR R RO (T NG|
FERM (ER) E , AR BESEENE-RENE  RSEEAES gy I T
BB at Rt EAEX RN EM (NE ) B, £EBRA, MK TLE ) | Wl S| NN ||| R ‘%‘ﬁfﬁc
RE—NE-REKERITEFLWNERE (ERM) , HHESMERMT || LA AN
BERTFERBEED ., WARIEETUD MERMUIRBHERMS 7 |, 3 i G
4 8 (H T A b/—\ [
ERERMS 7 R & EREN IR, p— i
TR —

DTGB



https://share-analytics.zhihuiya.com/view/b7d3b806-09b7-4a92-8ca8-926338b9550a
https://worldwide.espacenet.com/patent/search/family/057124117/publication/US2017079598A1?q=US2017079598A1
http://appft.uspto.gov/netacgi/nph-Parser?Sect1=PTO1&Sect2=HITOFF&d=PG01&p=1&u=%2Fnetahtml%2FPTO%2Fsrchnum.html&r=1&f=G&l=50&s1=%2220170079598%22.PGNR.&OS=DN/20170079598&RS=DN/20170079598

