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(57) ABSTRACT

An example of a system for modulating blood pressure may
include a blood pressure monitoring circuit, a blood pressure
modulation device, and a control circuit. The blood pressure
monitoring circuit may be configured to sense signals and
generate one or more blood pressure parameters indicative
of the blood pressure and/or a vascular resistance and one or
more activity parameters indicative of an activity level
and/or a postural change using the sensed signals. The blood
pressure modulation device may be configured to deliver a
therapy modulating the blood pressure. The control circuit
may be configured to control the therapy using therapy
parameters, receive the one or more blood pressure param-
eters and the one or more activity parameters, analyze
changes in the one or more blood pressure parameters that
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are correlated to changes in the one or more activity param-
eters, and adjust the therapy parameters using an outcome of
the analysis.
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METHOD AND APPARATUS FOR
CONTROLLING SPINAL CORD
STIMULATION TO TREAT HYPERTENSION

CLAIM OF PRIORITY

This application claims the benefit of priority under 35
U.S.C. § 119(e) of U.S. Provisional Patent Application Ser.
No. 62/421,758, filed on Nov. 14, 2016, which is herein
incorporated by reference in its entirety.

TECHNICAL FIELD

This document relates generally to medical devices and
more particularly to a system for device-based hypertension
treatment with closed-loop control.

BACKGROUND

Hypertension, or high blood pressure, affects millions of
Americans and is known to be the strongest risk factor for
developing cardiovascular disease. Chronic hypertension
can lead to cardiac remodeling due to increased load on a
patient’s heart and can increase the patient’s risk of devel-
oping heart failure. For about 20-30% of hypertensive
patients, common pharmaceutical approaches are unable to
control the rise in arterial blood pressure. For these patients,
a device-based approach can be used to control blood
pressure. One approach for reducing blood pressure is to
target the imbalance in the autonomic nervous system often
seen in hypertensive patients. This imbalance manifests as
an over activation of the sympathetic nervous system and a
withdrawal of the parasympathetic nervous system.

For example, muscle activation such as during postural
change or exercise can cause increased sympathetic activity,
thereby elevating the blood pressure. Exercise pressor reflex
(neurological reflex that constricts arterioles during exer-
cise) may raise the systolic blood pressure of a hypertensive
patient to over 200 mmHg. This differs from chronic hyper-
tension, which is marked by baseline systolic blood pressure
levels above 140 mmHg. The exercise pressor reflex is
particularly problematic for patients who would use exercise
to improve their blood pressure. These large spikes in blood
pressure can result in cardiovascular, cerebrovascular, and/
or organ damage. Proper treatment requires the ability to
adapt as activity levels and blood pressure fluctuates.
Research into this mechanism has been conducted using
fentanyl injections, which blocks sympathetic afferent
nerves in the spinal cord to reduce blood pressure during
exercise in heart failure patients.

In a hypertensive patient, a persistent increase in blood
pressure can result in desensitization of arterial barorecep-
tors, which can lead to development of orthostatic hypoten-
sion. The patient experiences hypertension while in a supine
position, but has orthostatic intolerance during a postural
transition. This makes the treatment challenging because
treating one condition could worsen the other. Such patients
can benefit from a treatment option that can reduce blood
pressure in a hypertensive state and increase blood pressure
when the patient becomes hypotensive, such as during
postural changes. For example, a therapy that reduces hyper-
tension can be enabled during the hypertensive state and
inhibited during the hypotensive state, or a therapy that
heightens the blood pressure can be delivered during the
hypotensive state.

SUMMARY

An example (e.g., “Example 17) of a system for modu-
lating blood pressure of a patient may include a blood
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pressure monitoring circuit, a blood pressure modulation
device, and a control circuit. The blood pressure monitoring
circuit may be configured to sense signals from the patient
and to generate one or more blood pressure parameters and
one or more activity parameters using the sensed signals.
The one or more blood pressure parameters are indicative of
one or more of a blood pressure or a vascular resistance of
the patient. The one or more activity parameters are indica-
tive of one or more of an activity level or a postural change
of the patient using the sensed signals. The blood pressure
modulation device may be configured to deliver a therapy
modulating the blood pressure. The control circuit may be
configured to control the therapy using therapy parameters,
to receive the one or more blood pressure parameters and the
one or more activity parameters, to analyze changes in the
one or more blood pressure parameters that are correlated to
changes in the one or more activity parameters, and to adjust
the therapy parameters using an outcome of the analysis.

In Example 2, the subject matter of Example 1 may
optionally be configured such that the blood pressure moni-
toring circuit is further configured to receive one or more
user commands, and the control circuit is further configured
to incorporate the received one or more user commands into
the analysis of the changes in the one or more blood pressure
parameters that are correlated to the changes in the one or
more activity parameters.

In Example 3, the subject matter of any one or any
combination of Examples 1 and 2 may optionally be con-
figured such that the control circuit is further configured to
optimize the therapy parameters by executing an optimiza-
tion algorithm for an optimal therapeutic effect as indicated
by the one or more blood pressure parameters and the one or
more activity parameters.

In Example 4, the subject matter of Example 1 may
optionally be configured such that the control circuit is
further configured to allow for calibration of the optimiza-
tion algorithm in response to the optimal therapeutic effect
falling outside a specified threshold.

In Example 5, the subject matter of any one or any
combination of Examples 3 and 4 may optionally be con-
figured such that the control circuit is further configured to
allow for calibration of the optimization algorithm in
response to a user command for calibration.

In Example 6, the subject matter of any one or any
combination of Examples 1 to 5 may optionally be config-
ured to further include a power management circuit config-
ured to control a power mode of the system. The power
management circuit is configured to place the system in a
low-power mode while the patient is sleeping, as indicated
by one or more of the one or more activity parameters or a
user command indicating a patient-specified sleeping period.

In Example 7, the subject matter of any one or any
combination of Examples 1 to 6 may optionally be config-
ured to include an implantable medical device configured to
be placed within the patient. The implantable medical device
includes the blood pressure modulation device, the control
circuit, and at least a portion of the blood pressure moni-
toring circuit.

In Example 8, the subject matter of Example 7 may
optionally be configured such that the blood pressure moni-
toring circuit includes an intravascular blood pressure sensor
configured to directly sense the blood pressure.

In Example 9 the subject matter of any one or any
combination of Examples 7 and 8 may optionally be con-
figured such that the blood pressure monitoring circuit
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includes an extravascular physiological sensor configured to
indirectly sense the blood pressure using a surrogate of the
blood pressure.

In Example 10, the subject matter of any one or any
combination of Examples 7 to 9 may optionally be config-
ured such that the blood pressure monitoring circuit includes
a physiological sensor configured to sense a signal indicative
of the vascular resistance.

In Example 11, the subject matter of any one or any
combination of Examples 7 to 10 may optionally be con-
figured such that the blood pressure monitoring circuit
includes an activity sensor configured to sense the one or
more of the activity level or the postural change.

In Example 12, the subject matter of Example 11 may
optionally be configured such that the activity sensor
includes an accelerometer.

In Example 13, the subject matter of any one or any
combination of Examples 11 and 12 may optionally be
configured such that the activity sensor includes a gyro-
scope.

In Example 14, the subject matter of any one or any
combination of Examples 7 to 13 may optionally be con-
figured such that the implantable medical device includes an
implantable neuromodulator, and the blood pressure modu-
lation device includes a neuromodulation device configured
to deliver a spinal cord stimulation (SCS).

In Example 15, the subject matter of Example 14 may
optionally be configured to further include an implantable
lead configured to be connected to the implantable neuro-
modulator. The implantable lead including electrodes is
configured for delivering the SCS and at least one sensor of
the blood pressure monitoring circuit.

An example (e.g., “Example 16”) of a method for modu-
lating blood pressure of a patient is also provided. The
method may include sensing signals from the patient, gen-
erating parameters using the sensed signals. The parameters
may include one or more blood pressure parameters indica-
tive of one or more of the blood pressure or a vascular
resistance of the patient and one or more activity parameters
indicative of one or more of an activity level or a postural
change of the patient. The method may further include
analyzing changes in the one or more blood pressure param-
eters correlated to changes in the one or more activity
parameters, adjusting therapy parameters using an outcome
of the analysis, controlling a therapy modulating the blood
pressure using the therapy parameters, and delivering the
therapy to the patient.

In Example 17, the subject matter of Example 16 may
optionally further include receiving one or more user com-
mands and incorporating the one or more user commands
into the analysis of the changes in the one or more blood
pressure parameters correlated to the changes in the one or
more activity parameters.

In Example 18, the subject matter of any one or any
combination of Examples 16 and 17 may optionally further
include approximately optimizing the therapy parameters by
executing an optimization algorithm. The optimization algo-
rithm allows the therapy parameters to be set for an approxi-
mately optimal therapeutic effect as indicated by the one or
more blood pressure parameters and the one or more activity
parameters.

In Example 19, the subject matter of delivering the
therapy as found in any one or any combination of Examples
16 to 18 may optionally include delivering spinal cord
stimulation (SCS) using an implantable medical device.

In Example 20, the subject matter of sensing the signals
as found in Example 19 may optionally include sensing the
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signals using implantable sensors contained in or connected
to the implantable medical device.

In Example 21, the subject matter of sensing the signals
as found in any one or any combination of Examples 16 to
20 may optionally include sensing the blood pressure using
an intravascular blood pressure sensor.

In Example 22, the subject matter of sensing the signals
as found in any one or any combination of Examples 16 to
21 may optionally include sensing an extravascular signal as
a surrogate for the blood pressure.

In Example 23, the subject matter of sensing the extravas-
cular signal as found in Example 22 may optionally include
sensing a heart sound signal indicative of heart sounds of the
patient.

In Example 24, the subject matter of sensing the extravas-
cular signal as found in any one or any combination of
Examples 22 and 23 may optionally include sensing a
photoplethysmographic signal.

In Example 25, the subject matter of sensing the extravas-
cular signal as found in any one or any combination of
Examples 22 and 23 may optionally include sensing an
impedance signal.

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

BRIEF DESCRIPTION OF THE DRAWINGS

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

FIG. 1 illustrates an embodiment of a system for modu-
lating blood pressure.

FIG. 2 illustrates an embodiment of a blood pressure
monitoring circuit, such as may be used in the system of
FIG. 1.

FIG. 3 illustrates another embodiment of a system for
modulating blood pressure.

FIG. 4 illustrates an embodiment of an implantable sys-
tem, such as one in which the system of FIG. 1 or FIG. 3 may
be implemented, and portions of an environment in which
the implantable system may be used.

FIG. 5 illustrates an embodiment of a method for modu-
lating blood pressure.

DETAILED DESCRIPTION

In the following detailed description, reference is made to
the accompanying drawings which form a part hereof, and
in which is shown by way of illustration specific embodi-
ments in which the invention may be practiced. These
embodiments are described in sufficient detail to enable
those skilled in the art to practice the invention, and it is to
be understood that the embodiments may be combined, or
that other embodiments may be utilized and that structural,
logical and electrical changes may be made without depart-
ing from the spirit and scope of the present invention.
References to “an”, “one”, or “various” embodiments in this
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disclosure are not necessarily to the same embodiment, and
such references contemplate more than one embodiment.
The following detailed description provides examples, and
the scope of the present invention is defined by the appended
claims and their legal equivalents.

This document discusses, among other things, a closed-
loop, device-based therapy system for treating hypertension,
including various sensors and signals providing for feedback
control and therapy optimization. Research has suggested
that dynamic changes in blood pressure are associated with
peroneal nerve activity. Electrical stimulation targeted at
such pathways can reduce blood pressure specifically during
dynamic swings associated with the exercise pressor reflex.
Such electrical stimulation is likely to reduce sympathetic
tone and subsequently dilate peripheral vessels in order to
reduce blood pressure. An example of the closed-loop,
device-based therapy system for treating hypertension
includes a spinal cord stimulation (SCS) system. Other
examples of device-based therapy system for treating hyper-
tension includes systems for delivering dorsal root ganglia
stimulation, sympathetic chain modulation, and peripheral
sympathetic nerve modulation.

SCS has been applied in treating pain and cardiovascular
diseases including hypertension. Beneficial effects of SCS in
a patient may vary over time based on physiological or
lifestyle changes of the patient. Thus, parameters controlling
delivery of the SCS should be dynamically adjusted or
optimized to accommodate for these changes. Examples of
such parameters include electrode configuration, pulse fre-
quency (or inter-pulse interval), pulse width, and pulse
amplitude. The stimulation paradigm can also be changed as
needed. However, changes in SCS parameters and para-
digms may require an authorized, trained professional user
to reprogram device settings. Such a reprogramming can
optimize the SCS parameters and paradigms for the short
term, but many adjustments are likely needed for the long
term.

Thus, there is a need for a closed-loop system that delivers
SCS to treat a patient’s hypertension and automatically
optimizes the delivery of the SCS using one or more signals
indicative of the patient’s instant blood pressure in real time.
In one example, a patient has elevated exercise pressor
reflex, so a desirable treatment option is to react to dynamic
swings in the patient’s blood pressure and enable the therapy
when it is needed by the patient. In another example, a
patient is supine hypertensive and experiences orthostatic
intolerance, so it is desirable to enable the therapy only when
it is needed by the patient, to improve the patient’s blood
pressure response to postural transitions. In another
example, the closed-loop system can provide for battery
management to extend battery life by delivering therapy
only when it is needed, when the therapy is delivered by a
battery-powered device, such as an implantable device.

The present closed-loop system can include a therapy
device to deliver one or more therapies for modulating blood
pressure and one or more sensors to monitor one or more
signals indicative of blood pressure. In one embodiment, the
therapy device includes a chronically implanted neuromodu-
lation device to deliver SCS. The one or more signals are
processed to extract information indicative of a need for
delivering stimuli that modulate the blood pressure. In
various embodiments, the system can detect onset of the
exercise pressor reflex and treats its effects by delivering
SCS to substantially reduce damaging effects of high blood
pressure on the cardiovascular system. In various embodi-
ments, the system can modulate or optimize stimulation
parameters and provide as-needed SCS therapy based on the
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activity of the patient. In various embodiments, the system
executes an algorithm that automatically determines an
optimal therapy for a given physiological parameter. The
optimization of the therapy can include adjusting stimulation
parameters such as electrode configuration, pulse waveform
shape, pulse frequency, duty cycle, pulse width, and pulse
amplitude, and can also include adjusting stimulation para-
digms such as kilohertz frequency stimulation and burst
stimulation. While SCS is discussed as a specific example,
the monitoring of blood pressure according to the present
subject matter can be used for controlling any type of device
for delivering a therapy that modulates blood pressure of the
patient.

FIG. 1 illustrates an embodiment of a system 100 for
modulating blood pressure of a patient. System 100 can
include a blood pressure monitoring circuit 102, a blood
pressure modulating device 106, and a control circuit 104.
Blood pressure monitoring circuit 102 can sense signals
from the patient and generate one or more physiological
parameters and optionally one or more functional param-
eters using the sensed signals. The one or more physiologi-
cal parameters can include one or more blood pressure
parameters indicative of one or more of the blood pressure
or a vascular resistance of the patient, and optionally one or
more activity parameters indicative of one or more of an
activity level or a postural change of the patient. The one or
more functional parameters can include one or more activity
parameters indicative of one or more of the activity level or
the postural change of the patient. Thus, in various embodi-
ments, blood pressure monitoring circuit 102 can generate
one or more blood pressure parameters and one or more
activity parameters. The one or more blood pressure param-
eters are one or more physiological parameters, while the
one or more activity signal can include one or more physi-
ological parameters and/or one or more functional param-
eters. Blood pressure modulation device 106 can deliver a
therapy modulating the blood pressure. Example of such a
therapy include an SCS, dorsal root ganglia stimulation,
sympathetic chain modulation, and peripheral sympathetic
nerve modulation. Control circuit 104 can control the
therapy using therapy parameters, receive the one or more
blood pressure parameters and the one or more activity
parameters, analyze changes in the one or more blood
pressure parameters correlated to changes in the one or more
activity parameters, and adjust the therapy parameters using
an outcome of the analysis.

In various embodiments, circuits of system 100, including
various embodiments of its components discussed in this
document, may be implemented using a combination of
hardware and software. For example, blood pressure moni-
toring circuit 102, including its various embodiments dis-
cussed in this document, and control circuit 104 may be
implemented using an application-specific circuit con-
structed to perform one or more particular functions or a
general-purpose circuit programmed to perform such func-
tion(s). Such a general-purpose circuit includes, but is not
limited to, a microprocessor or a portion thereof, a micro-
controller or portions thereof, and a programmable logic
circuit or a portion thereof.

FIG. 2 illustrates an embodiment of a blood pressure
monitoring circuit 202, which represent an example of blood
pressure monitoring circuit 102. Blood pressure monitoring
circuit 202 can include one or more physiological sensors
210, one or more functional sensors 212 (if needed), a sensor
processing circuit 214, and a parameter generator 216.

Physiological sensor(s) 210 can sense one or more physi-
ological signals each indicative of a physiological function
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or state of the patient. In various embodiments, physiologi-
cal sensor(s) 210 can each be an invasive sensor (e.g.,
implantable sensor) or a non-invasive sensor (a wearable
sensor). In various embodiments, one or more physiological
signals include one or more signals indicative one or more
of a blood pressure or a vascular resistance of the patient. In
various embodiments, one or more physiological signals can
also include one or more signals indicative one or more of
an activity level or a posture change of the patient. In various
embodiments, physiological sensor(s) 210 can include one
or more sensors selected from the following examples
(DA(7):

(1) A blood pressure sensor to sense a blood pressure or
a surrogate of the blood pressure of the patient and
produce a blood pressure signal indicative of the blood
pressure. The blood pressure sensor can be an intra-
vascular sensor to sense the blood pressure directly or
an extravascular sensor to sense the surrogate of the
blood pressure. Examples of the blood pressure sensor
include:

a. an invasive arterial pressure sensor to be placed in an
artery to sense an arterial blood pressure being a
direct measure of an arterial blood pressure;

b. a non-invasive blood pressure cuff to sense an
external blood pressure;

c. a heart sound sensor to sense a heart sound signal
indicative of at least second heart sounds (S2), such
as an accelerometer or a microphone, in an implant-
able device or incorporated into the distal end of a
lead connected to the implantable device;

d. a photoplethysmography (PPG) sensor to sense a
PPG signal;

e. an impedance sensor to sense an impedance signal
indicative of the blood pressure or the vascular
resistance, such as an electrical bioimpedance sensor
to sense an electrical bioimpedance signal or an
impedance cardiography sensor to sense an imped-
ance cardiographic signal (noninvasive measure-
ment of electrical impedance of the thorax);

f. a neural sensor to sense a nerve signal indicative of
sympathetic tone (which in turn indicates blood
pressure), such as electrode(s) incorporated into the
distal end of a lead connected to the implantable
device to sense local field potentials and/or evoked
compound action potentials; and

2. a sensor to sense an electroencephalographic (EEG)
signal indicative of activity or the sympathetic tone.

(2) Cardiac sensing electrodes to sense a cardiac signal
allowing for detection of heart rate and heart rate
variability (HRV).

(3) A respiratory sensor to sense a respiratory signal
indicative of respiratory rate.

(4) A galvanic skin response (GSR) sensor to sense a GSR
signal indicative of sweating.

(5) Electromyogram (EMG) sensing electrodes to sense
an EMG signal indicative of muscle activation.

(6) A peripheral vascular sensor to sensor one or more of
peripheral perfusion or vascular resistance, such as a
flow sensor, a perfusion sensor; and a temperature
sensor.

(7) A chemical sensor to sense one or more chemical
biomarkers of exertion, such as one or more of lactate
or interleukin 6 (IL-6).

Functional sensor(s) 212, when needed, can sense one or
more functional signals each indicative of a physical activity
or state of the patient. In various embodiments, functional
sensor(s) 212 can each be an invasive sensor (e.g., implant-
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able sensor) or a non-invasive sensor (e.g., wearable sensor).
In various embodiments, the one or more functional signals
are indicative of one or more of an activity level or a postural
change of the patient. In various embodiments, functional
sensor(s) 212 can include an activity sensor to sense one or
more of activity or postural change of the patient, and can
produce an activity signal indicative of one or more of an
activity level or a postural change. Examples of such an
activity sensor include one or more of an accelerometer or
a gyroscope. The accelerometer can sense the activity and/or
the postural change of the patient, and can produce an
accelerometer signal indicative of the activity level and/or
postural change. The gyroscope can sense angular accelera-
tion indicative of angular postural change (in roll, pitch, and
yaw) of the patient, and can produce a gyroscope signal
indicative of the angular postural change.

Sensor processing circuit 214 can process the one or more
physiological signals produced by physiological sensor(s)
210 and the one or more functional signals produced by
functional sensor(s) 212. In various embodiments, the pro-
cessing can include signal conditioning and detection of
signal features (e.g., heart sounds and cardiac depolariza-
tions allowing for measurement of parameters).

Parameter generator 216 can generate one or more physi-
ological parameters each indicative of the physiological
function or state of the patient using the processed one or
more physiological signals, and can generate one or more
functional parameters each indicative of the physical activity
or state of the patient using the processed one or more
functional signals. In various embodiments, the one or more
physiological parameters can include one or more blood
pressure parameters indicative of one or more of a blood
pressure or a vascular resistance of the patient, and option-
ally one or more activity parameters indicative of one or
more of an activity level or a postural change of the patient.
The one or more functional parameters can include one or
more activity parameters indicative of one or more of an
activity level or a postural change of the patient. In one
embodiment, parameter generator 216 generates at least one
physiological parameter being a blood pressure parameter
and at least one physiological parameter being an activity
parameter. In another embodiment, parameter generator 216
generates at least one physiological parameter being a blood
pressure parameter and at least one functional parameter
being an activity parameter.

These parameters allow for analysis of correlation
between the activity level and/or the postural change and
changes in the blood pressure and/or vascular resistance. In
various embodiments, the one or more physiological param-
eters can include one or more blood pressure parameters
each indicative of one or more of the blood pressure or the
vascular resistance. The one or more blood pressure param-
eters can each be a direct measure of a blood pressure or a
surrogate for the blood pressure, and can include one or
more parameters selected from the following examples
(1)-(6):

(1) An arterial pressure measured from the arterial blood

pressure signal.

(2) A blood pressure measured from the external blood
pressure signal.

(3) A heart sound parameter measured from the heart
sound signal, such as a parameter measured from S2 in
the heart sound signal. S2 can be used as an indirect
measure of the blood pressure).

(4) A PPG parameter measured from the PPG signal, such
as pulse transit time, pulse amplitude, pulse volume,
systolic pressure, and/or diastolic pressure.
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(5) A hemodynamic parameter indicative of blood pres-
sure or vascular resistance measured from the electrical
bioimpedance signal or the impedance cardiographic
signal.

(6) A parameter being a measure of the sympathetic tone
measuring from the nerve signal or the EEG signal.

The one or more physiological parameters can also include
one or more activity parameters each indicative of one or
more of the activity level or the postural change. Such one
or more activity parameters (each being a physiological
parameter) can include one or more parameters selected
from the following examples (1)-(6):

(1) A heart rate and/or an HRV parameter measured from
the cardiac signal. Time and frequency domain mea-
sures of the heart rate and HRV can be used to detect
exertion. HRV is the beat-to-beat variance in cardiac
cycle length over a period of time. An “HRV param-
eter” as used in this document includes any parameter
being a measure of the HRV, including any qualitative
expression of the beat-to-beat variance in cardiac cycle
length over a period of time. Examples of the HRV
parameters include standard deviation of normal-to-
normal intervals (SDNN), standard deviation of aver-
ages of normal-to-normal intervals (SDANN), ratio of
low-frequency (LF) HRV to high-frequency (HF) HRV
(LE/HF ratio), HRV footprint, root-mean-square of
successive differences (RMSSD), and percentage of
differences between normal-to-normal intervals that are
greater than 50 milliseconds (pNN50). The HRV can
also include a measure for respiratory sinus arrhythmia
(RSA), which is essentially a short-term HRV measure.

(2) A respiration rate measured from the respiratory
signal. The respiratory rate increases with increased
sympathetic activation or increased exertion. Respira-
tion can also be used to analyze autonomic tone
through respiration sinus arrhythmia.

(3) A GSR parameter indicative of sweating, measured
from the GSR signal. Sweating due to increased activ-
ity can lead to reduced resistance and increased skin
conductivity. GSR also provides a measure of auto-
nomic tone with increased sympathetic activity causing
in increase in skin conductance. Time domain measures
for mean skin conductance and the number of skin
conductance fluctuations can be measured are
examples of GSR measures.

(4) A muscular activity parameter measured from the
EMG. Pattern analysis, time domain (amplitude,
latency, etc.) measures, and frequency domain mea-
sures can be used to detect muscle activation. Muscle
activation during exercise increases sympathetic tone
and blood pressure via the exercise pressor response.

(5) A peripheral vascular parameter measured from the
peripheral vascular signal and indicative of perfusion
and vascular resistance in peripheral blood vessels.

(6) An exertion parameter measured using the chemical
biomarkers and indicative of changes in exertion.

In various embodiments, the one or more functional param-
eters can include one or more activity parameters each
indicate one or more of the activity level or the postural
change. Such one or more activity parameters (each being a
functional parameter) can include one or more parameters
selected from the following examples (1) and (2):

(1) an activity parameter indicative of the activity level of
the patient, measured using the accelerometer signal, to
correlate changes in the physiological parameter
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indicative of the blood pressure or the vascular resis-
tance of the patient to changes in the patient’s activity
level; and

(2) a postural parameter indicative of the postural change
of the patient, measured using the gyroscope signal
and/or the accelerometer signal, to correlate changes in
the physiological parameter indicative of the blood
pressure or the vascular resistance of the patient to
changes in the postural change of the patient.

FIG. 3 illustrates an embodiment of a system 300 for
modulating blood pressure. System 300 represents a more
specific example of system 100 and includes a therapy
device 320 and a therapy controller 322. In various embodi-
ments, therapy device 320 and therapy controller 322 can be
integrated into a single device or implemented as two or
more separate devices. In various embodiments, therapy
device 320 can include multiple devices coupled to each
other via wired and/or wireless links. In one embodiment,
therapy device 320 and therapy controller 322 are integrated
into a single device with a user interface, such as for
delivering therapy percutaneously or transcutaneously. In
embodiments using an implantable device, such as discussed
below with reference to FIG. 4, therapy device 320 can be
implemented as the implantable device, and therapy con-
troller 322 can be implemented as an external device. In
various embodiments, therapy device 320 can includes an
implantable device or a front-end device for sensing and
therapy delivery, while therapy controller 322 can function
as a user controller (for use by a physician or other caregiver
or the patient) that include a user interface. In various
embodiments, therapy device 320 can includes an implant-
able device for the therapy delivery and implantable and/or
noninvasive sensors communicatively coupled to that
implantable device via wired and/or wireless links.

Therapy device 320 can include blood pressure monitor-
ing circuit 202, a user input receiver 324, a control circuit
304, blood pressure modulation device 106, a storage device
330, and a power management circuit 332. User input
receiver 324 can receive one or more user commands
transmitted from therapy controller 322 via a wireless or
wired link 321. In various embodiments, the one or more
user commands can include any one or more of the follow-
ing examples (1)-(3):

(1) A user command for activating or inhibiting the

therapy.

(2) A user command indicating a beginning or end of a
physical exercise.

(3) A user command indicating a beginning or end of rest
(or sleep).

(4) User commands representing feedback from the
patient. For example, the feedback can include indica-
tion for initiating a calibration of an optimization
algorithm executed by control circuit 304.

Control circuit 304 can control delivery of the therapy
modulating the blood pressure from blood pressure modu-
lation device 106 using therapy parameters. In one embodi-
ment, control circuit 304 controls delivery of SCS from a
neuromodulation device using stimulation parameters.

Control circuit 304 can include a blood pressure analyzer
326 and a therapy parameter adjuster 328. Blood pressure
analyzer 326 can receive and analyze the one or more
physiological parameters each indicative of the physiologi-
cal function or state of the patient and optionally one or more
functional parameters each indicative of the physical activity
or state of the patient, and analyze the received parameters.
Therapy parameter adjuster 304 can adjust the therapy
parameters an outcome of the analysis. In various embodi-
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ments, the analysis can be based on the one or more blood
pressure parameters and the one or more activity parameters.
The one or more blood pressure parameters include one or
more of the one or more physiological parameters received
by blood pressure analyzer 326. The one or more activity
parameters include one or more of the one or more physi-
ological parameters received by blood pressure analyzer 326
and or the one or more functional parameters received by
blood pressure analyzer 326. In some embodiments, blood
pressure analyzer 326 can further receive the one or more
user commands and include the received one or more user
commands in the analysis of the one or more blood pressure
parameters and the one or more activity parameters. In
various embodiments, control circuit 304 can control deliv-
ery of the therapy from blood pressure modulation device
106 using the one or more blood parameters, the one or more
activity parameters, and optionally the one or more user
commands.

In various embodiments, therapy parameter adjuster 328
can approximately optimize the therapy parameters by
executing an optimization algorithm. The optimization algo-
rithm allows the therapy parameters to be set for an approxi-
mately optimal therapeutic effect as indicated by the one or
more blood pressure parameters and the one or more activity
parameters. In some embodiments, the one or more user
commands (e.g., user commands representing feedback
from the patient) can also be used by the optimization
algorithm. In the embodiment in which the therapy includes
SCS, the therapy parameters (i.e., stimulation parameters)
can include, but are not limited to, electrode configuration,
pulse waveform shape, pulse frequency, duty cycle, pulse
width, and pulse amplitude, as well as parameters control-
ling a stimulation paradigm (e.g., kilohertz frequency stimu-
lation, burst stimulation). In various embodiments, therapy
parameter adjuster 328 allow for calibration of the optimi-
zation algorithm, such as on a periodic or as-needed basis.
In one embodiment, the calibration is manually performed
by a user such as a physician or other authorized caregiver
using therapy controller 322. In one embodiment, the cali-
bration is automatically performed according to a specified
schedule, as triggered by a specified event (such as the
optimal therapeutic effect falling outside a specified thresh-
old), or in response to a user command entered using therapy
controller 322. Exemplary methods for calibration include
receiver operating characteristic analysis and psychometric
curves. Psychometric curves can be used to correlate param-
eters measured from signals sensed from the patient with a
direct or indirect blood pressure measure as stimulation
settings and/or paradigms are shifted. By correlating the
blood pressure measure to one or more physiological param-
eters measured using sensors, the efficiency and accuracy of
the therapy system can be improved for delivering therapy
when needed, such as when the risk of blood pressure
elevation is indicated.

Storage device 330 can store data acquired by therapy
device 320. For example, when therapy device 320 is
implemented as the implantable device, storage device can
be used to store data acquired by the implantable device for
transmitted to the external device when needed. Examples of
records to be stored storage device 330 include: (i) portions
of the one or more blood signals and the one or more activity
parameters allowing for trending of the one or more blood
pressure parameters as a function of the one or more activity
signals (e.g., trending of the change if blood pressure and/or
vascular resistance of the patient as a function of the activity
level and/or postural change of the patient), (2) record of
therapy parameter settings that have been used and basis for
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each of the settings (e.g., values of the one or more blood
pressure parameters and the one or more activity parameters
used to optimize each setting), and (3) record of the one or
more user commands (e.g., when SCS is temporarily acti-
vated or terminated by the patient).

Power management circuit 322 can control a power mode
of therapy device 320 or system 300. In various embodi-
ments, power management circuit 322 can place therapy
device 320 or system 300 in a low-power mode while the
patient is sleeping, as indicated by the activity parameter
and/or a user command. For example, the patient is consid-
ered to be sleeping when the activity parameter indicates the
patient has an activity level under a sleeping threshold
specified to indicate sleeping, or when the user command
indicates a patient-specified sleeping period. Power man-
agement circuit 322 can resume to a normal operation mode
in therapy device 320 or system 300 in response to a
specified wake-up event. Examples of such wake-up event
include expiration of the patient-specified sleeping period, a
change in the activity parameter indicating the patient is no
longer sleeping, and a change in the one or more physi-
ological parameters exceeding a therapy threshold specified
to indicate a need for therapy.

Therapy controller 322 allows the user to receive infor-
mation from therapy device 320 and control operation of
therapy device 320. Therapy controller 322 can include a
user interface 334, a control circuit 340, and a storage device
342. User interface 334 can include a user input device 336
and a presentation device 338. User input device 336 can
receive information from the patient or the physician or
other caregiver, including the one or more user commands.
Presentation device 338 can include a display screen and/or
other audio and/or visual presentation devices to present
information about the patient’s blood pressure and/or the
operation status and history of therapy device 320. In one
embodiment, a touchscreen is used as user input device 858
and presentation device 860. Control circuit 3340 controls
operation of therapy controller 322. Storage device 342 can
store information transmitted from therapy device 320 as
well as information for programming therapy device 320. In
various embodiments, system 300 can include one or more
storage devices, such as a storage device in the front-end
therapy device (e.g., an implantable device), a storage
device in a controller/user interface device (e.g., an external
device communicatively coupled to the implantable device
via a wireless link) and one or more network (“cloud”)
storage devices, to store data for review by the patient and
the physicians and other caregivers as well as researchers.

FIG. 4 illustrates an embodiment of an implantable sys-
tem 450 and portions of an environment in which system
450 may be used. System 100 or 300 can be implemented in
system 450. System 450 can include an implantable system
445, a portable device 446 communicatively coupled to
implantable system 445 via a wireless communication link
448, a network 460 communicatively coupled to portable
device 446 via communication link 458, and medical facility
462 communicatively coupled to network 460. Implantable
system 445 can include an implantable medical device 444,
and an implantable lead or lead system 452 connected to
implantable medical device 444. A blood pressure monitor-
ing circuit such as blood pressure monitoring circuit 102
(including its various embodiments) can be contained within
implantable medical device 444 or distributed in implantable
medical device 444 and portable device 446. Implantable
medical device 446 can include a therapy device such as
blood pressure modulation device 106 to deliver a therapy
that modulate blood pressure. In various embodiments,
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portable device 446 can be implemented as a dedicated
device or in a generic device such as a smartphone, a laptop
computer, or a tablet computer. In various embodiments,
therapy device 320 can be implemented in implantable
system 445, and therapy controller 322 can be implemented
in portable device 446 or portable device 446 and network
460.

In the illustrated embodiment, lead or lead system 452
includes an electrode or electrode array 454 and a sensor 456
shown by way of example, but not by way of restriction. In
various embodiments, additional one or more electrodes can
be incorporated onto implantable medical device 444. In the
illustrated embodiment, sensor 456 can represent an
embodiment of a sensor (e.g., a heart sound sensor) that is
incorporated into lead or lead system 452 and to be posi-
tioned in or near the thoracic region. In another embodiment,
the sensor can be embedded in implantable medical device
444, which can be an implantable neuromodulator placed in
the lumbar region (e.g., for delivering SCS). In various
embodiments, each of the one or more physiological sensors
and the one or more functional sensors as discussed in this
document can be incorporated into lead or lead system 452,
included in implantable medical device 444, or implemented
as separate device, such as an implantable device or external
(e.g., wearable) device, that can communicate with implant-
able medical device 444 wirelessly via telemetry.

In various embodiments, information related to the
patient’s blood pressure as well as other information about
the patient and/or implantable system 445 can be produced
by implantable medical device 444 based on sensed signals
and transmitted to portable device 446 via communication
link 448. Portable device 446 can selectively relay the
received information to network 338 via communication
link 458 to be stored, further analyzed, inform the patient’s
healthcare provider, and/or used to control delivery of the
therapy from implantable medical device 444. When the
information indicates that the patient needs medical atten-
tion, such as when system 450 is unable to automatically
adjust the therapy parameters to maintain the patient’s blood
pressure within a specified range, a notification will be
transmitted to medical facility 462 from network 460.

In various embodiments, portable device 446 and one or
more devices within network 460 and/or medical facility
462 can allow a user such as a physician or other caregiver
and/or the patient to communicate with implantable medical
device 444, for example to initialize and adjust settings of
implantable medical device 444. For example, portable
device 446 may inform the patient the blood pressure and/or
other information produced by implantable medical device
644, and allow the patient to turn implantable medical
device 444 on and off and/or adjust certain patient-program-
mable parameters controlling delivery of the therapy.

The sizes and shapes of the elements of system 450 and
their locations relative to the patient’s body are illustrated by
way of example and not by way of restriction. System 450
is discussed as a specific application of the system for
modulating blood pressure according to various embodi-
ments of the present subject matter. In various embodiments,
the present subject matter may be applied in any type of
blood pressure modulation in controlling therapy delivery.

FIG. 5 illustrates an embodiment of a method 500 for
modulating blood pressure of a patient. In one embodiment,
system 100 or 300 is programmed to perform method 500.

At 510, signals are sensed from the patient. The signals
include one or more physiological signals each indicative of
a physiological function or state of the patient and optionally
one or more functional signals each indicative of a physical
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activity or state of the patient. The one or more physiological
signals indicate a physiological function or state of the
patient. The one or more functional signals indicate of a
physical activity or state of the patient. Examples of the
signals include those sensed using physiological sensor(s)
210 and functional sensor(s) 212 as discussed above with
reference to FIG. 2.

At 520, parameters are generated using the sensed signals.
The parameters include one or more blood pressure param-
eters indicative of one or more of a blood pressure or a
vascular resistance of the patient and one or more activity
parameters indicative of one or more of an activity level or
a postural change of the patient. In various embodiments, the
one or more blood pressure parameters can be measured
from the one or more physiological signals, and the one or
more activity parameters can be measured from the one or
more physiological signals and/or the one or more functional
signals. Examples of the parameters include those produced
by parameter generator 216 as discussed above with refer-
ence to FIG. 2.

At 530, the parameters generated at 520 are analyzed. In
various embodiments, changes in the one or more blood
pressure parameters correlated to changes in the one or more
activity parameters are analyzed. In some embodiments, one
or more user commands are also included in the analysis.
Examples of the one or more user commands include those
received by user input receiver 324 as discussed above with
reference to FIG. 3.

At 540, whether the patient’s blood pressure is within a
specified normal range is determined using an outcome of
the analysis. If the patient’s blood pressure is within the
specified normal range, the monitoring of the blood pressure
may continue without therapy adjustment.

At 550, if the patient’s blood pressure is out of the
specified normal range, therapy parameters are adjusted. The
therapy parameters are used to control a therapy modulating
the blood pressure. One example of such therapy includes
SCS. In various embodiments, the therapy parameters are
approximately optimized by executing an optimization algo-
rithm. The optimization algorithm allows the therapy param-
eters to be set for an approximately optimal therapeutic
effect as indicated by the one or more blood pressure
parameters and the one or more activity parameters, and
optionally the one or more user commands (e.g.. user
commands representing feedback from the patient). In vari-
ous embodiments, the optimization algorithm can be cali-
brated in response to a need as indicated by the one or more
physiological parameters and the one or more functional
parameters or in response to a user command for calibration.

At 560, the therapy modulating the blood pressure is
controlled using the therapy parameters. At 570, the therapy
is delivered to the patient. In various embodiments, method
500 is performed continuously while the patient needs blood
pressure modulation and the system performing the method
is set to a normal operation mode. The system can be set to
a low-power mode when the therapy modulating the blood
pressure is not needed, or when a change in the therapy is not
needed, such as when the patient is sleeping.

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

1. A system for modulating blood pressure of a patient, the
system comprising:

a blood pressure monitoring circuit configured to sense
signals from the patient and generate one or more blood
pressure parameters indicative of one or more of a
blood pressure or a vascular resistance of the patient
and one or more activity parameters indicative of one
or more of an activity level or a postural change of the
patient using the sensed signals, the blood pressure
monitoring circuit including an extravascular physi-
ological sensor configured to indirectly sense the blood
pressure using a surrogate of the blood pressure;

a blood pressure modulation device configured to deliver
a therapy for treating hypertension by modulating the
blood pressure; and

a control circuit configured to control the therapy using
therapy parameters, to receive the one or more blood
pressure parameters and the one or more activity
parameters, to analyze changes in the one or more
blood pressure parameters that are correlated to
changes in the one or more activity parameters, and to
adjust the therapy parameters using an outcome of the
analysis for delivering the therapy when a risk of blood
pressure elevation is indicated.

2. The system of claim 1, wherein the blood pressure
monitoring circuit is further configured to receive one or
more user commands, and the control circuit is further
configured to incorporate the received one or more user
commands into the analysis of the changes in the one or
more blood pressure parameters that are correlated to the
changes in the one or more activity parameters.

3. The system of claim 1, wherein the control circuit is
further configured to optimize the therapy parameters by
executing an optimization algorithm for an optimal thera-
peutic effect as indicated by the one or more blood pressure
parameters and the one or more activity parameters.

4. The system of claim 3, wherein the control circuit is
further configured to allow for calibration of the optimiza-
tion algorithm in response to the optimal therapeutic effect
falling outside a specified threshold or in response to a user
command for calibration.

5. The system of claim 4, further comprising a power
management circuit configured to control a power mode of
the system, the power management circuit configured to
place the system in a low-power mode while the patient is
sleeping, as indicated by one or more of the one or more
activity parameters or a user command indicating a patient-
specified sleeping period.

6. The system of claim 4, comprising an implantable
medical device configured to be placed within the patient,
the implantable medical device including the blood pressure
modulation device, the control circuit, and at least a portion
of the blood pressure monitoring circuit.

7. The system of claim 6, wherein the blood pressure
monitoring circuit comprises an intravascular blood pressure
sensor configured to directly sense the blood pressure.

8. The system of claim 1, wherein the extravascular
physiological sensor sense at least one of a heart sound
sensor configured to sense a heart sound signal, a photopl-
ethysmographic sensor, or an impedance sensor.

9. The system of claim 6, wherein the implantable medical
device comprises an implantable neuromodulator, and the
blood pressure modulation device is configured to deliver a
spinal cord stimulation (SCS).

10. The system of claim 9, further comprising an implant-
able lead configured to be connected to the implantable

20

25

30

40

45

60

65

16

neuromodulator, the implantable lead including electrodes
configured for delivering the SCS and at least one sensor
configured to sense one of the signals from the patient.
11. A method for modulating blood pressure of a patient,
including:
sensing signals from the patient, including sensing an
extravascular signal as a surrogate for the blood pres-
sure using an extravascular physiological sensor;

generating parameters using the sensed signals, the
parameters including one or more blood pressure
parameters indicative of one or more of the blood
pressure or a vascular resistance of the patient and one
or more activity parameters indicative of one or more
of an activity level or a postural change of the patient;

analyzing changes in the one or more blood pressure
parameters correlated to changes in the one or more
activity parameters;

adjusting therapy parameters using an outcome of the

analysis so that a therapy for treating hypertension by
modulating the blood pressure is delivered when a risk
of blood pressure elevation is indicated;

controlling the therapy using the therapy parameters; and

delivering the therapy to the patient.

12. The method of claim 11, further comprising;

receiving one or more user commands; and

incorporating the one or more user commands into the
analysis of the changes in the one or more blood
pressure parameters correlated to the changes in the one
or more activity parameters.

13. The method of claim 11, further comprising approxi-
mately optimizing the therapy parameters by executing an
optimization algorithm, the optimization algorithm allowing
the therapy parameters to be set for an approximately
optimal therapeutic effect as indicated by the one or more
blood pressure parameters and the one or more activity
parameters.

14. The method of claim 11, wherein delivering the
therapy comprises delivering spinal cord stimulation (SCS)
using an implantable medical device.

15. The method of claim 14, wherein sensing the signals
comprises sensing the blood pressure using an intravascular
blood pressure sensor connected to the implantable medical
device.

16. The method of claim 14, wherein sensing the extravas-
cular signal using the extravascular physiological sensor
comprises sensing the extravascular signal using an implant-
able sensor contained in or connected to the implantable
medical device.

17. The method of claim 16, wherein sensing the extravas-
cular signal comprises sensing a heart sound signal indica-
tive of heart sounds of the patient.

18. The method of claim 16, wherein sensing the extravas-
cular signal comprises sensing a photoplethysmographic
signal.

19. The method of claim 16, wherein sensing the extravas-
cular signal comprises sensing an impedance signal.

20. A non-transitory computer-readable storage medium
including instructions, which when executed by a system,
cause the system to perform a method for modulating blood
pressure of a patient, the method comprising:

sensing signals from the patient, including sensing an

extravascular signal as a surrogate for the blood pres-
sure using an extravascular physiological sensor;
generating parameters using the sensed signals, the
parameters including one or more blood pressure
parameters indicative of one or more of the blood
pressure or a vascular resistance of the patient and one
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or more activity parameters indicative of one or more
of an activity level or a postural change of the patient;
analyzing changes in the one or more blood pressure
parameters correlated to changes in the one or more
activity parameters; 5
adjusting therapy parameters using an outcome of the
analysis so that a therapy for treating hypertension by
modulating the blood pressure is delivered when a risk
of blood pressure elevation is indicated;
controlling the therapy using the therapy parameters; and 10
delivering the therapy to the patient.
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