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(57) ABSTRACT

An example of a system for providing a patient with pain
management includes a pain monitoring circuit. The pain
monitoring circuit may include parameter analyzer circuitry
and pain score generator circuitry. The parameter analyzer
circuitry may be configured to receive and analyze one or
more timing parameters and one or more baroreflex param-
eters allowing for determination of baroreflex sensitivity
(BRS) of the patient. The one or more timing parameters are
indicative of time intervals during which values of the one
or more baroreflex parameters are used to determine the
BRS. The pain score generator circuitry may be configured
to compute a pain score using an outcome of the analysis.
The pain score is a function of the BRS during the time
intervals and indicative of a degree of pain of the patient.
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METHOD AND APPARATUS FOR PAIN
CONTROL USING BAROREFLEX
SENSITIVITY DURING POSTURE CHANGE

CLAIM OF PRIORITY

[0001] This application claims the benefit of priority under
35 US.C. § 119(e) of U.S. Provisional Patent Application
Ser. No. 62/412,587, filed on QOct. 25, 2016, and U.S.
Provisional Patent Application Ser. No. 62/451,455, filed on
Jan. 27, 2017, each of which is herein incorporated by
reference in its entirety.

TECHNICAL FIELD

[0002] This document relates generally to medical devices
and more particularly to a pain management system that
produces a measure of pain using baroreflex sensitivity.

BACKGROUND

[0003] Pain may result from an injury, a disease (e.g.,
arthritis, fibromyalgia), or even a medical treatment (e.g.,
certain cancer treatment). Various treatments are applied for
pain management, such as medication, psychotherapy, elec-
trical stimulation, thermal therapy, and their various com-
binations. Examples of electrical stimulation for pain man-
agement include Transcutaneous Electrical Nerve
Stimulation (TENS) delivered by a TENS unit and Spinal
Cord Stimulation (SCS) that may be delivered by an
implantable neuromodulation systems. Pain treatment may
be prescribed based on an assessment of a patient’s symp-
toms and underlying conditioning and titrated based on the
patient’s response to the treatment. As pain is not directly
measurable by a machine, the assessment of the condition
and the titration of the therapy may depend on questioning
and/or visually assessing the patient.

SUMMARY

[0004] An Example (e.g., “Example 17) of a system for
providing a patient with pain management includes a pain
monitoring circuit. The pain monitoring circuit may include
parameter analyzer circuitry and pain score generator cir-
cuitry. The parameter analyzer circuitry may be configured
to receive and analyze one or more timing parameters and
one or more baroreflex parameters allowing for determina-
tion of baroreflex sensitivity (BRS) of the patient. The one
or more timing parameters are indicative of time intervals
during which values of the one or more baroreflex param-
eters are used to determine the BRS. The pain score gen-
erator circuitry may be configured to compute a pain score
using an outcome of the analysis. The pain score is a
function of the BRS during the time intervals and indicative
of a degree of pain of the patient.

[0005] In Example 2. the subject matter of Example 1 may
optionally be configured to further include a pain relief
device configured to deliver one or more pain-relief thera-
pies to the patient and a control circuit configured to control
the delivery of the one or more pain-relief therapies using
the computed pain score.

[0006] 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 parameter analyzer circuitry is further
configured to generate a BRS signal metric using the one or
more timing parameters and the one or more baroreflex
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parameters, and the pain score generator circuitry is further
configured to compute the pain score using the BRS signal
metric.

[0007] In Example 4. the subject matter of Example 3 may
optionally be configured such that the parameter analyzer
circuitry is further configured to generate the BRS signal
metric using the one or more timing parameters, the one or
more baroreflex parameters, and at least one parameter
selected from a physiological parameter indicative of a
physiological function or state of the patient, a functional
parameter indicative of a physical activity or state of the
patient, or a patient parameter including subjective infor-
mation provided by the patient.

[0008] In Example 5, the subject matter of any one or any
combination of Examples 1 to 4 may optionally be config-
ured such that the parameter analyzer circuitry is further
configured to receive and analyze one or more posture
parameters of the one or more timing parameters and the one
or more baroreflex parameter, the one or more posture
parameters indicative of a posture of the patient, and is
further configured to determine the spontaneous BRS of the
patient as a function of the level of physical activity of the
patient.

[0009] In Example 6. the subject matter of Example 5 may
optionally be configured such that the one or more posture
parameters include a parameter indicative of one or more of
atype, a magnitude, a duration, a velocity, or an acceleration
of a change in the posture of the patient, and the parameter
analyzer circuitry is configured to generate the BRS signal
metric representative of the BRS of the patient being a
function of the one or more of the type, the magnitude, the
duration, the velocity, or the acceleration of the change in the
posture of the patient.

[0010] In Example 7, the subject matter of any one or any
combination of Examples 1 to 6 may optionally be config-
ured such that the parameter analyzer circuitry is further
configured to receive and analyze one or more activity
parameters of the one or more timing parameters and the one
or more baroreflex parameter and is further configured to
determine the spontaneous BRS of the patient as a function
of the level of physical activity of the patient. The one or
more activity parameters are indicative of a level of physical
activity of the patient,

[0011] In Example 8, the subject matter of any one or any
combination of Examples 1 to 7 may optionally be config-
ured such that the parameter analyzer circuitry is further
configured to receive and analyze one or more respiratory
parameters of the one or more timing parameters and the one
or more baroreflex parameter, and is further configured to
determine the spontaneous BRS of the patient using values
of the one or more baroreflex parameters during one or more
of inspiration phases or expiration phases of the respiratory
cycles of the patient. The one or more respiratory parameters
are indicative of respiratory cycles of the patient. The
respiratory cycles each include an inspiration phase and an
expiration phase.

[0012] In Example 9, the subject matter of any one or any
combination of Examples 5 to 8 may optionally be config-
ured such that the pain monitoring circuit further includes
one or more baroreflex sensors configured to sense one or
more baroreflex signals allowing for the determination of the
spontaneous BRS, a baroreflex sensing circuit configured to
process the sensed one or more baroreflex signals, and a
baroreflex feature detector configured to detect one or more
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baroreflex signal features using the processed one or more
baroreflex signals, and the parameter generator is further
configured to generate the one or more baroreflex param-
eters using the detected one or more baroreflex signal
features.

[0013] In Example 10, the subject matter of Example 9
may optionally be configured such that the parameter gen-
erator is further configured to generate a heart rate or a
change of the heart rate of the one or more baroreflex
parameters.

[0014] InExample 11, the subject matter of any one or any
combination of Examples 9 and 10 may optionally be
configured such that the baroreflex parameter generator is
further configured to generate a blood pressure or a change
of the blood pressure of the one or more baroreflex param-
eters. The blood pressure is an actual blood pressure of the
patient or a surrogate of the blood pressure of the patient.

[0015] In Example 12, the subject matter of Example 11
may optionally be configured such that the baroreflex
parameter generator is further configured to generate an
amplitude of second heart sounds (S2) or a pulse transit time
(PTT) as the surrogate of the blood pressure of the patient.
[0016] InExample 13, the subject matter of any one or any
combination of Examples 9 to 12 may optionally be con-
figured such that the baroreflex parameter generator is
further configured to generate a heart sound parameter of the
one or more baroreflex parameters. The heart sound param-
eter is representative of an amplitude of a heart sound or a
time interval associated with the heart sound.

[0017] InExample 14, the subject matter of any one or any
combination of Examples 9 to 13 may optionally be con-
figured such that the baroreflex parameter generator is
further configured to generate a heart rate variability param-
eter of the one or more baroreflex parameters. The heart rate
variability parameter is a measure of heart rate variability of
the patient.

[0018] InExample 15, the subject matter of any one or any
combination of Examples 9 to 14 may optionally be con-
figured such that the baroreflex parameter generator is
further configured to generate a neural parameter of the one
or more baroreflex parameters. The neural parameter is
indicative of neural activities associated relaying informa-
tion about blood pressure of the patient.

[0019] An example (e.g., “Example 16”) of a method for
managing pain of a patient is also provided. The method may
include receiving and analyzing one or more timing param-
eters and one or more baroreflex parameters allowing for
determination of baroreflex sensitivity (BRS) of the patient.
The one or more timing parameters are indicative of time
intervals during which values of the one or more baroreflex
parameters are used to determine the BRS. The method may
further include computing a pain score using an outcome of
the analysis, the pain score being a function of the BRS
during the time intervals and indicative of a degree of pain
of the patient.

[0020] In Example 17, the subject matter of Example 16
may optionally further include: delivering one or more
pain-relief therapies to the patient from a pain relief device,
and controlling the delivery of the one or more pain-relief
therapies using the pain score.

[0021] In Example 18, the subject matter of analyzing the
one or more timing parameters and the one or more barore-
flex parameters as found in any one or any combination of
Examples 16 and 17 may optionally further include gener-
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ating a BRS signal metric using the one or more timing
parameters and the one or more baroreflex parameters, and
the subject matter of computing the pain score as found in
any one or any combination of Examples 16 and 17 may
optionally further include computing the pain score using
the BRS signal metric.

[0022] InExample 19, the subject matter of any one or any
combination of Examples 16 to 18 may optionally further
include: sensing one or more posture signals indicative of a
posture of the patient using one or more activity sensors, and
generating one or more posture parameters of the one or
more timing parameters using the one or more posture
signals.

[0023] InExample 20, the subject matter of any one or any
combination of Examples 16 to 19 may optionally further
include: sensing one or more activity signals indicative of a
level of physical activity of the patient using one or more
activity sensors, and generating one or more activity param-
eters of the one or more timing parameters using the one or
more activity signals.

[0024] InExample 21, the subject matter of any one or any
combination of Examples 16 to 20 may optionally further
include: sensing one or more respiratory signals indicative
of respiratory cycles of the patient using one or more
respiratory sensors, and generating one or more respiratory
parameters of the one or more timing parameters using the
one or more respiratory signals.

[0025] InExample 22, the subject matter of any one or any
combination of Examples 16 to 21 may optionally further
include: sensing one or more baroreflex signals allowing for
the determination of the BRS using one or more baroreflex
sensors, and generating the one or more baroreflex param-
eters using the one or more baroreflex signals.

[0026] In Example 23, the subject matter of sensing the
one or more baroreflex signals as found in Example 22 may
optionally further include sensing one or more of a cardiac
signal indicative of a heart rate of the patient or a blood
pressure signal indicative of a blood pressure of the patient.

[0027] In Example 24, the subject matter of generating the
one or more baroreflex parameters as found in Example 23
may optionally further include generating a parameter
indicative of one or more of a heart rate, a change in the heart
rate, a slope of change in the heart rate, or a heart rate
variability.

[0028] In Example 25, the subject matter of generating the
one or more baroreflex parameters as found in Example 23
may optionally further include generating a blood pressure
parameter, a change in the blood pressure parameter, a slope
of the change in the blood pressure parameter, or a measure
of a neural activity driven by the blood pressure or the
change in the blood pressure, the blood pressure parameter
indicative of the blood pressure of the patient.

[0029] 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.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0030] 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.

[0031] FIG. 1A illustrates an example of baroreflex sen-
sitivity (BRS) in pain and healthy states.

[0032] FIG. 1B illustrates an example of attenuated heart
rate response due to a posture change from laying to
standing.

[0033] FIG. 2 illustrates an embodiment of a pain man-
agement system.

[0034] FIG. 3 illustrates an embodiment of a pain ana-
lyzer, such as may be used in the pain management system
of FIG. 2.

[0035] FIG. 4 illustrates an embodiment of a pain moni-
toring circuit, such as may be used in the pain management
system of FIG. 2.

[0036] FIG. 5 illustrates another embodiment of the pain
monitoring circuit, such as may be used in the pain man-
agement system of FIG. 2.

[0037] FIG. 6 illustrates an embodiment of a pain man-
agement system, such as one in which the pain management
system of FIG. 2 may be implemented, and portions of an
environment in which the pain management system may be
used.

[0038] FIG. 7 illustrates an embodiment of a method for
pain management.

[0039] FIG. 8 illustrates another embodiment of a method
for pain management.

[0040] FIG. 9 illustrates another embodiment of the pain
monitoring circuit, such as may be used in the pain man-
agement system of FIG. 2.

[0041] FIG. 10 illustrates another embodiment of a pain
management system, such as one in which the pain man-
agement system of FIG. 2 may be implemented, and por-
tions of an environment in which the pain management
system may be used.

[0042] FIG. 11 illustrates another embodiment of a
method for pain management.

[0043] FIG. 12 illustrates another embodiment of a
method for pain management.

[0044] FIG. 13 illustrates another embodiment of a
method for pain management.

[0045] FIG. 14 illustrates another embodiment of a
method for pain management.

DETAILED DESCRIPTION

[0046] In the following detailed description, reference is
made to the accompanying drawings which form a part
hereof, and in which is shown by way of illustration specific
embodiments in which the invention may be practiced.
These embodiments are described in sufficient detail to
enable those skilled in the art to practice the invention, and
it is to be understood that the embodiments may be com-
bined, or that other embodiments may be utilized and that
structural, logical and electrical changes may be made
without departing from the spirit and scope of the present
invention. References to “an™, “one”, or “various” embodi-
ments in this disclosure are not necessarily to the same
embodiment, and such references contemplate more than
one embodiment. The following detailed description pro-
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vides examples, and the scope of the present invention is
defined by the appended claims and their legal equivalents.

[0047] This document discusses a method and system for
indicating pain that can be used in a closed-loop pain
management system. Because different patients may have
different sensitivity and tolerance to pain, optimization of a
pain relief therapy may be difficult and/or inefficient when
being dependent on patent questioning and manual program-
ming. The present system provides for an objective and
quantitative measure of pain that can be used in an auto-
mated closed-loop pain management system, such as a
neurostimulation or drug therapy system, to optimize pain
relief. Other uses of the objective and quantitative measure
of pain include, but are not limited to, improving assess-
ments of pain relief therapies and improving patient selec-
tion for pain relief therapies. In various embodiments, the
objective and quantitative measure of pain, such as in the
form of a pain score, can be used as a stand-alone indicator
for monitoring pain in a patient in a hospital or other point
of care or at home, or can be used as an input for therapy
optimization. For the therapy optimization, the objective and
quantitative measure of pain can be used to set, adjust,
and/or optimize therapy parameters based on efficacy, manu-
ally by a user and/or automatically in a closed-loop thera-
peutic device system. For example, in a system including a
neurostimulator delivering spinal cord stimulation (SCS) for
treating chronic pain, the pain score can be used during SCS
trial session to optimize stimulation parameters and deter-
mine efficacy, during programming of the neurostimulator
(e.g., a permanent SCS implant) to optimize pain relief, and
during long-term or permanent use of the neurostimulator
(e.g., the permanent SCS implant) for closed-loop control
using continuous or intermittent pain assessment to optimize
therapeutic stimulation parameters.

[0048] Arterial baroreflex (also referred to as baroreceptor
reflex) is important for hemodynamic stability and for
cardioprotection and is a strong prognostic indicator. The
baroreflex regulates blood pressure (BP) via controlling
heart rate, contractility, and peripheral resistance. The
carotid and aortic baroreceptors detect changes in pressure,
providing negative feedback to a closed-loop system for
regulating blood pressure. In a healthy person, when barore-
ceptor activation increases due to a blood pressure increase,
efferent parasympathetic activity increases to lower blood
pressure through slowing the heart rate and causing periph-
eral vasodilation. An elevated blood pressure increases
baroreflex activation, which causes the heart rate to
decrease. The decreased heart rate in turn causes blood
pressure to decrease. A low blood pressure decreases barore-
flex activation, which causes heart rate to increase. The
increased heart rate in turn causes blood pressure to increase.
The baroreflex can be assessed via baroreflex sensitivity
(also referred to as baroreceptor reflex sensitivity or BRS),
which is a measure of how baroreflex influence the heart rate
and can be calculated as the ratio of change in interbeat
interval (IBI) to change in blood pressure (e.g., in
ms/mmHg). BRS provides an indication of the function of
this closed-loop system for regulating blood pressure and
can be measured using various heart rate and blood pressure
monitoring techniques.

[0049] Studies have shown that pain or other stressors can
alter BRS. FIG. 1A illustrates an example of BRS in pain
and healthy states. With abnormal autonomic activity asso-
ciated with pain, the change in heart rate in response to



US 2018/0110464 Al

change in blood pressure is attenuated, resulting in
decreased BRS. One study demonstrated that psychological
and physical stressors caused significant decreases in BRS,
which served as a robust measure for discriminating these
events from periods at rest. In a study comparing healthy
people to chronic back pain patients, results indicate that
patients in pain have diminished BRS. This attenuation in
BRS leads to impaired sympathetic inhibition, elevated
blood pressure, and amplification of persistent pain.

[0050] The present system can characterize baroreflex for
use as an objective measure for pain in medical devices such
as a wearable or implantable pulse generator for spinal cord
stimulation, a drug pump for controlling chronic pain, or a
diagnostic and/or monitoring device. In various embodi-
ments, this objective measure for pain can be used to
optimize therapy over the course of hours, weeks, or months
as part of a closed-loop therapy system and/or to provide an
improved measure of patient status (e.g., indicating relative
changes from a pre-therapy baseline).

[0051] FIG. 2 illustrates an embodiment of a pain man-
agement system 200. System 200 includes a pain monitoring
circuit 202, a control circuit 204, and a pain relief device
206. In various embodiments, system 200 can provide a
patient with closed loop pain management in which delivery
of one or more pain relief therapies can be controlled
automatically using signals sensed from the patient. In
various other embodiments, pain monitoring circuit 202 can
be used as part of a diagnostic and/or monitoring system that
does not necessarily include control circuit 204 and pain
relief device 206 or other therapeutic components.

[0052] Pain monitoring circuit 202 can sense one or more
signals allowing for determination of the patient’s BRS, and
can produce one or more pain indicating signals using the
one or more sensed signals. Pain relief device 206 can
deliver one or more pain relief therapies, such as any one or
any combination of spinal cord stimulation (SCS), dorsal
root ganglia (DRG) stimulation, deep brain stimulation
(DBS), motor cortex stimulation (MCS), transcranial direct
current stimulation (tDCS), transcutaneous spinal direct
current stimulation (tsDCS), transcranial alternating current
stimulation (tACS), trigeminal nerve stimulation, occipital
nerve stimulation, vagus nerve stimulation, sacral nerve
stimulation, sphenopalatine ganglion stimulation, sympa-
thetic chain modulation, multifidus muscle stimulation,
adrenal gland modulation, carotid baroreceptor stimulation,
transcutaneous electrical nerve stimulation (TENS), tibial
nerve stimulation, transcranial magnetic stimulation (TMS),
repeated transcranial magnetic stimulation (rTMS), radiof-
requency ablation (RFA), pulsed radiofrequency ablation,
other peripheral tissue stimulation therapies, and drug
therapy (such as delivered from a drug pump). Various
neuromodulation (also referred to as neurostimulation)
therapies can use any form of stimulation energy or agent as
stimuli that is capable of modulating neural activities and/or
properties.

[0053] Control circuit 204 can analyze the one or more
physiological signals to assess the patient’s BRS, and can
control the delivery of the one or more pain relief therapies
using an outcome of the analysis. For example, the outcome
of the analysis can include a pain score indicative of a degree
(intensity) of pain, and control circuit 204 controls the
delivery of the one or more pain relief therapies using the
pain score and one or more thresholds. Other factors affect-
ing the degree of pain and/or effectiveness of the one or
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more pain relief therapies can also be included in the
analysis. For example, signals other than those used in
determining the patient’s BRS can also be sensed, and/or
patient information such as those from the patient’s medical
records and the patient’s perception of pain, can be used in
producing the pain score. The patient information can
include chronic pain assessment at follow-up visits by the
patient at a clinic and/or real-time indication of acute change
in perception of pain based on input from the patient or
inferred by patient adjusting the delivery of the one or more
pain relief therapies. In various embodiments, system 200 is
a closed-loop system with feedback control using the out-
come of the analysis (e.g., the pain score) as an input.
[0054] In various embodiments, circuits of system 200,
including various embodiments of its components discussed
in this document, may be implemented using a combination
of hardware and software. For example, pain monitoring
circuit 202, including its various embodiments discussed in
this document, and control circuit 204 may be implemented
using an application-specific circuit constructed to perform
one or more particular functions or a general-purpose circuit
programmed to perform such function(s). Such a general-
purpose circuit includes, but is not limited to, a micropro-
cessor or a portion thereof, a microcontroller or portions
thereof, and a programmable logic circuit or a portion
thereof.

[0055] FIG. 3 illustrates an embodiment of a pain analyzer
310. In various embodiments, pain analyzer 310 can be
implemented as pain analyzer circuitry being part of the pain
monitoring circuit 202. Pain analyzer 310 can include a
parameter analyzer 312 and a pain score generator 314. In
various embodiments, parameter analyzer 312 can be imple-
mented as parameter analyzer circuitry configured to receive
and analyze one or more timing parameters and one or more
baroreflex parameters. The one or more baroreflex param-
eters allow for determination of BRS of the patient. The one
or more timing parameters are indicative of time intervals
during which values of the one or more baroreflex param-
eters are used to determine the BRS. The time intervals
correspond to a physical and/or physiological state of the
patient suitable for assessing the BRS for quantifying pain of
the patient. Pain score generator 314 can be implemented as
pain score generator circuitry configured to compute a pain
score using an outcome of the analysis. The pain score is
computed as a function of the BRS and is indicative of a
degree of pain of the patient.

[0056] Various embodiments of system 200 including: (1)
a system for pain management using BRS during posture
change (e.g., the one or more timing parameters indicate
posture change), and (2) a system for pain management
using ambulatory monitoring of spontaneous BRS (e.g., the
one or more timing parameters indicate physical activity
level and/or phase of respiratory cycle), are discussed below
by way of examples, but not by way of limitations, of the
present subject matter. Other embodiments can include
detection of BRS change in any manner capable of produc-
ing one or more parameters that objectively and quantita-
tively indicate pain in a patient.

EXAMPLE
Pain Management Using BRS During Posture
Change

[0057] In various embodiments, an exemplary system can
sense signals indicative of posture and BRS and extract one
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or more features from one or more of the sensed signals to
characterize BRS during posture change as a quantitative
measure of pain. The result can be used to control a pain
management therapy, such as being used as an input in an
automated closed-loop pain relief therapy system. Examples
of other applications of the result include diagnosis for pain
or related symptoms and/or conditions, use as an input to a
therapy titration session for a therapy, or use as a monitor for
assessing patient progress. While the pain management
therapy is specifically discussed as an example, the pain
monitoring according to the present subject matter can be
used in any application requiring monitoring of pain or
related symptoms in a patient to provide a quantitative
measure of the pain.

[0058] Acute pain in healthy subjects activates the sym-
pathetic nervous system, which causes an increase in blood
pressure and heart rate. The increased blood pressure in turn
activates baroreceptors which down-regulate sympathetic
outflow, restoring homeostasis. In healthy subjects who
transition abruptly from a supine to standing position, pool-
ing of blood in the lower extremities causes an immediate
arterial blood pressure reduction, which in turn activates
baroreceptors which increase sympathetic outflow causing a
blood pressure and heart rate increase, again restoring
homeostasis. These are healthy compensatory responses.
[0059] Persistent pain tends to become chronic, however,
resulting in chronically-elevated blood pressure and heart
rate levels and an attenuated baroreceptor response. FIG. 1B
illustrates an example of attenuated heart rate response due
to a posture change from laying to standing. Such attenuated
baroreceptor response can cause a reduced and delayed heart
rate and blood pressure response (not shown) to a posture
change (or, in response to any activity which would typically
activate the baroreceptors). The “attenuated baroreflex”
graph in FIG. 1 shows (a) the increased heart rate at baseline
which could be expected with chronically-elevated sympa-
thetic tone, (b) the delayed onset response and delayed
recovery of the heart rate after posture change (i.e., a “fat
and wide” curve), and (¢) the reduced magnitude of the heart
rate response when compared to the “normal baroreflex”
image.

[0060] Impaired baroreflex function is also associated
with severe conditions such as recurrent syncope, orthostatic
hypotension, and volatile hypertension. Thus, not only does
this baroreflex offer a potential biomarker of pain severity
and/or chronicity, but it also offers a very valuable measure
of patient health status. Improving the baroreflex sensitivity,
if impaired, would be a positive therapy outcome.

[0061] Referring to FIG. 3, in various embodiments using
BRS during postural change for pain management, the one
or more timing signals include one or more posture param-
eters. Parameter analyzer 312 can receive and analyze the
one or more posture parameters and the one or more
baroreflex parameters. In various embodiments, the one or
more posture parameters can include one or more of a
posture parameter indicative of the type of the change in the
posture, a posture parameter indicative of the magnitude of
the change in the posture, a posture parameter indicative of
the duration of the change in the posture, a posture param-
eter indicative of the velocity of the change in the posture,
or a posture parameter indicative of the acceleration of the
change in the posture. The one or more baroreflex param-
eters can include any one or more signals indicative of the
patient’s baroreflex and allow for determination of the BRS.
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Pain score generator 314 can compute a pain score using an
outcome of the analysis. The pain score indicating of a
degree (intensity) of'the pain. In one embodiment, parameter
analyzer 312 detects values of each baroreflex parameter of
the one or more baroreflex parameter during changes in the
posture, and stratifies the values of the baroreflex parameter
by values of each of the one or more posture parameters.
[0062] In one embodiment, parameter analyzer 312 pro-
duces a signal metric being a measure of BRS as a function
of one or more posture parameters using the one or more
posture parameters and the one or more baroreflex param-
eters, and pain score generator 314 computes the pain score
using the signal metric. In one embodiment, in addition to
the one or more posture parameters and the one or more
baroreflex parameters, pain analyzer 310 uses one or more
additional parameters to produce the signal metric for an
increased reliability of the pain score. The one or more
additional parameters can be selected from one or more
physiological parameters each indicative of a physiological
function or state of the patient, one or more functional
parameters each indicative of a physical activity or state of
the patient, and/or one or more patient parameters including
subjective information provided by the patient. Examples of
such one or more additional parameters are discussed in U.S.
Provisional Patent Application Ser. No. 62/400,336, entitled
“METHOD AND APPARATUS FOR PAIN MANAGE-
MENT USING OBIECTIVE PAIN MEASURE”, filed on
Sep. 27, 2016, assigned to Boston Scientific Neuromodula-
tion Corporation, which is incorporated herein by reference
in its entirety.

[0063] The signal metric can be a linear or nonlinear
combination of the one or more baroreflex parameters each
as a function of the one or more posture parameters. In
various embodiments, parameter analyzer 312 can produce
the signal metric using multiple baroreflex parameters with
the weighting factors each applied to one of these baroreflex
parameters. In various embodiments, parameter analyzer
312 can adjust the weighting factors through automatic
learning and adaptation to the patient over time (e.g., based
on stored parameters and/or outcomes of analysis, such as
features extracted from the parameters). In various other
embodiments, parameter analyzer 312 can allow the weight-
ing factors to be adjusted manually. In various other embodi-
ments, the weighting factors can be adjusted according to a
calibration schedule or as needed, and the adjustment can be
performed by a user such as a physician or other authorized
care provider in a clinic, or initiated by the patient and
performed by parameter analyzer 312 automatically at
home. In various embodiments, the weighting factors can be
patient-specific and dynamically changed based on the
patient’s conditions and/or activities.

[0064] FIG. 4 illustrates an embodiment of a pain moni-
toring circuit 402, which represent an example of pain
monitoring circuit 202. Pain monitoring circuit 402 can
include one or more posture sensors 420, a posture sensing
circuit 422, a posture feature detector 424, one or more
baroreflex sensors 426, a baroreflex sensing circuit 428, a
baroreflex feature detector 430, a parameter generator 432,
and pain analyzer 310.

[0065] In various embodiments, posture sensor(s) 420 can
sense one or more posture signals indicative of posture of the
patient. Examples of the posture sensor(s) 420 include an
accelerometer a gyroscope, a magnetometer, an impedance
sensor, or any other sensor or combination of sensors
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capable of providing one or more sensor signals allowing for
determination of one or more of type, magnitude, duration,
velocity, or acceleration of the change in the patient’s
posture. Posture sensing circuit 422 can process the one or
more posture signals. Posture feature detector 424 can detect
one or more posture signal features using the processed one
or more posture signals. The one or more posture signal
features allow for measurement of the one or more posture
parameters. Parameter generator 432 can generate one or
more posture parameters using the detected one or more
posture signal features. In various embodiments, the one or
more posture parameters can include one or more of a
posture parameter indicative of the posture of the patient, a
posture parameter indicative of a change in the posture, a
posture parameter indicative of a type of the change in the
posture (e.g., laying to sitting, laying to standing, sitting to
standing, . . . and any combinations of these types), a posture
parameter indicative of a magnitude of the change in the
posture (e.g., an angle of change, such as measured in
degrees), a posture parameter indicative of a duration of the
change in the posture (e.g., a time interval between a
beginning and an ending of the change in the posture, such
as measured in seconds), a posture parameter indicative of
a velocity of the change in the posture (i.e., the change of the
magnitude over the duration), or a posture parameter indica-
tive of an acceleration of the change in the posture (i.e., the
rate of change of the velocity).

[0066] In various embodiments, baroreflex sensor(s) 426
can sense one or more baroreflex signals each being a
physiological signal allowing for determination of the BRS.
Baroreflex sensing circuit 428 can process the sensed one or
more baroreflex signals. Baroreflex feature detector 430 can
detect one or more baroreflex signal features using the
processed one or more baroreflex signals. The one or more
baroreflex signal features allow for measurement of the one
or more baroreflex parameters. Parameter generator 432 can
generate the one or more baroreflex parameters using the
detected one or more baroreflex signal features (in addition
to generating the one or more posture parameters ). Examples
of baroreflex sensor(s) 426, the one or more baroreflex
signals, and one or more baroreflex parameters are discussed
below with reference to FIG. 5. In various embodiments,
baroreflex sensing circuit 428 can increase the sampling and
storage rates of the one or more baroreflex signals upon
detection of a change in the posture by baroreflex feature
detector 430 using the one or more posture parameters.
Baroreflex feature detector 430 can include storage of a
rolling window of the one or more baroreflex signals for use
by parameter generator 432 upon detection of the change in
the posture.

[0067] FIG. 5 illustrates an embodiment of a pain moni-
toring circuit 502, which represent an example of pain
monitoring circuit 202 or 402. Pain monitoring circuit 502
can include posture sensor(s) 420, posture sensing circuit
422, posture feature detector 424, one or more baroreflex
sensors 526, one or more baroreflex sensing circuits 528,
one or more baroreflex feature detectors 530, a parameter
generator 532, and pain analyzer 310. Various embodiments
of baroreflex sensor(s) 526, baroreflex sensing circuit(s)
528, and baroreflex feature detector(s) 530 are shown in
FIG. 5 for purposes of illustration and discussion. In various
embodiments, baroreflex sensor(s) 526, baroreflex sensing
circuit(s) 528, and baroreflex feature detector(s) 530 can
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include only those required for producing the one or more
baroreflex parameters used for producing the pain score.

[0068] As illustrated in FIG. 5 and discussed below,
examples of baroreflex sensor(s) 526, baroreflex sensing
circuit(s) 528, and baroreflex feature detector(s) 530 include,
respectively: (1) cardiac sensing electrodes 526 A, a cardiac
sensing circuit 528A, and a cardiac electrical events detector
530A; (2) a pressure sensor 526B, a pressure sensing circuit
528B, and a pressure feature detector 530B; (3) a heart
sound sensor 526C, a heart sound sensing circuit 528C, and
a heart sound detector 530C; (4) a respiratory sensor 526D,
a respiratory sensing circuit 528D, and a respiratory param-
eter detector 530D; (5) neural sensing electrodes 526F, a
neural sensing circuit 528E, and (5) a neural events detector
530E. In various embodiments, pain monitoring circuit 502
can include any one or any combination of these examples
(1)-(5), depending on the one or more baroreflex parameters
to be produced by parameter generator 532. In various
embodiments, pain monitoring circuit 502 can optionally
include one or more additional sensors 536, one or more
additional sensing circuits 538, and one or more additional
feature detectors 540. The additional sensor(s) 536, addi-
tional sensing circuit(s) 538, and additional feature detector
(s) 540 can be used to sense additional baroreflex signal(s)
and/or signal(s) not directly related to BRS but used in
producing the pain score.

[0069] Cardiac sensing electrodes 526A can be used to
sense one or more cardiac signals. Cardiac sensing circuit
528A can process the sensed one or more cardiac signals.
EBlectrical event detector 530A can detect one or more
cardiac electrical events (e.g., P-waves and R-waves) using
the processed one or more cardiac signals. In various
embodiments, the one or more cardiac signals can include
surface electrocardiogram (ECG), wireless ECG (including
subcutaneous ECG), and/or intracardiac electrogram. The
one or more cardiac electrical events can include P-wave,
Q-wave, R-wave, S-wave, and/or T-wave, depending on
which one or more parameters are used for the pain analysis,
as further discussed in this document. “Surface ECG”
includes a cardiac electrical signal sensed with electrodes
attached onto the exterior surface of the skin. “Wireless
ECG” includes a signal approximating the surface ECG,
acquired without using surface (non-implantable, skin con-
tact) electrodes. “Subcutaneous ECG” is a form of wireless
ECG and includes a cardiac electrical signal sensed through
electrodes implanted in subcutaneous tissue, such as through
electrodes incorporated onto an implantable medical device
that is subcutaneously implanted. As reflected in their cor-
responding morphologies, the surface ECG results from
electrical activities of the entire heart. The wireless ECG,
including but not being limited to the subcutaneous ECG,
has a morphology that approximates that of the surface ECG
and reflects electrical activities of a substantial portion of the
heart, up to the entire heart. Examples for sensing wireless
ECG signals including subcutaneous ECG signals is dis-
cussed in U.S. Pat. No. 7,299,086, entitled “WIRELESS
BCG IN IMPLANTABLE DEVICES”, assigned to Cardiac
Pacemakers, Inc., which is incorporated herein by reference
in its entirety. One or more wireless ECG signals may be
available, for example, when the patient is using an implant-
able pacemaker, implantable cardioverter defibrillator, or an
implantable cardiac monitoring device. “Intracardiac elec-
trogram” includes a cardiac electrical signal sensed with at
least one electrode placed in or on the heart. One or more
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intracardiac electrographic signals may be available, for
example, when the patient is using an implantable pace-
maker or implantable cardioverter defibrillator. In one
embodiment, cardiac sensing circuit 528A removes
unwanted components of the sensed one or more cardiac
signals, such as pacing artifacts when the patient uses a
pacemaker.

[0070] Pressure sensor 526B can sense one or more blood
pressure signals. Examples of pressure sensor 526B include
blood pressure cuffs and intravascular pressure sensors.
Pressure sensing circuit 528B can process the sensed one or
more pressure signals. Pressure feature detector 530B can
detect one or more pressure features (e.g., peaks) using the
processed one or more pressure signals. In various embodi-
ments, blood pressure is measured using a surrogate, such as
the second heart sound (S2, as discussed below) or photop-
lethysmography (PPG, for sensing pulse transit time, as
discussed below) sensor which measures blood flow with
light, when direct blood pressure sensing is difficult while
being unnecessary.

[0071] Heart sound sensor 526C can sense one or more
heart sound signals. Examples of heart sound sensor 526C
include an accelerometer or a microphone. Hearing sound
sensing circuit 528C can process the one or more heart
sound signals. The processing can include removal of
unwanted signal components, such as patient’s physical
activity sensed by the accelerometer or background noise
sensed by the microphone. Heart sound detector 530C can
detect heart sounds using the processed one or more heart
sound signals. In this document, a “heart sound signal”
includes any signal indicative of heart sounds. “Heart
sounds” include audible mechanical vibrations caused by
cardiac activity that can be sensed with a microphone and
audible and inaudible mechanical vibrations caused by car-
diac activity that can be sensed with an accelerometer or
optical sensor. Heart sounds include the “first heart sound”
or S1, the “second heart sound” or S2, the “third heart
sound” or 83, the “fourth heart sound” or 84, and their
various sub-components. S1 is known to be indicative of,
among other things, mitral valve closure, tricuspid valve
closure, and aortic valve opening. S2 is known to be
indicative of, among other things, aortic valve closure and
pulmonary valve closure. S3 is known to be a ventricular
diastolic filling sound often indicative of certain pathologi-
cal conditions including heart failure. S4 is known to be a
ventricular diastolic filling sound resulted from atrial con-
traction and is usually indicative of pathological conditions.
The term “heart sound” hereinafier refers to any heart sound
(e.g., S1) and any components thereof (e.g., M1 component
of S1, indicative of Mitral valve closure). Unless noted
otherwise, S1, S2, S3, and S4 refer to the first, second, third,
and fourth heart sounds, respectively, as a heart sound type,
or as one or more occurrences of the corresponding type
heart sounds, depending on the context. In various embodi-
ment, the heart sounds detected for producing the one or
more baroreflex parameters include S1 and S2.

[0072] Respiratory sensor 526D can sense one or more
respiratory signals. Respiratory sensing circuit 528D can
process the sensed one or more respiratory signals. Respi-
ratory parameter detector 530D can detect one or more
respiratory parameters using the processed sensed one or
more respiratory signals. The one or more respiratory signals
are physiologic signals indicative of respiratory cycles (each
including an inspiratory phase and expiratory phase) and
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various other respiratory parameters. In various embodi-
ments, respiratory sensor 526D can sense one or more
signals each directly or indirectly indicating at least the
respiratory cycles. Example of respiratory sensor 526D
include an acoustic sensor to sense pulmonary sounds, a
flow sensor to sense airflow, a strain sensor to sense muscle
strain, an impedance sensor to sense transthoracic imped-
ance, an electrocardiographic (ECG) sensor to sense ECG
(from which periods of inspiration and expiration can be
derived), a heart sound sensor (as cardiac vibrations are
modulated by respiratory activity), and a blood pressure
sensor to sense a blood pressure (modulated by respiratory
activity). In one embodiment, respiratory sensor 526D
includes an impedance sensor that senses a transthoracic
impedance signal indicative of respiration. In another
embodiment, respiratory sensor 526D includes an implant-
able pulmonary artery pressure (PAP) sensor or a portion
thereof. An example of the implantable PAP sensor is
discussed in U.S. Pat. No. 7,566,308, entitled “METHOD
AND APPARATUS FOR PULMONARY ARTERY PRES-
SURE SIGNAL ISOLATION”, assigned to Cardiac Pace-
makers, Inc., which is incorporated by reference herein in its
entirety. In one embodiment, the respiratory sensor includes
an external sensor that senses the expansion and contraction
of the chest or a portion thereof. The processed respiratory
signal (produced by respiratory sensing circuit 528D) is
indicative of respiratory cycles and can allow for detection
of one or more respiratory parameters such as respiratory
cycle length, inspiration period, expiration period, non-
breathing period, tidal volume, and minute ventilation. In
one embodiment, respiratory sensing circuit 528D removes
unwanted components of the sense respiratory signal to
isolate the respiratory components of the physiologic signal.
One example includes isolating the respiratory components
of a PAP signal, which is discussed in U.S. Pat. No.
7,566.308. The one or more of the respiratory parameters
detected by respiratory parameter detector 530D include any
one or more parameters detectable from the processed
respiratory signal and needed for producing the one or more
baroreflex parameters, as further discussed in this document.

[0073] Neural sensing electrodes 526E can sense one or
more neural signals. Examples of neural sensing electrodes
526F include a cuff electrode that can be placed around a
nerve, or an electrode or electrode arrays that can be placed
on or adjacent the nerve, to sense action potentials propa-
gating in that nerve. Neural sensing circuit 528F can process
the sensed one or more neural signals. Neural electrical
event detector 530 detect one or more neural electrical
events (e.g., action potentials) using the processed one or
more neural signals.

[0074] Additional sensor(s) 536 can sense one or more
additional signals. Examples of the one or more additional
signals include one or more signals used for producing the
one or more baroreflex parameters but not sensed by barore-
flex sensor(s) 526 including the examples discussed above,
as well as the one or more additional parameters (i.e., the one
or more physiological parameters, the one or more func-
tional parameters, and/or the one or more patient parameters,
with examples discussed in U.S. Provisional Patent Appli-
cation Ser. No. 62/400,336). Additional sensing circuit(s)
538 can process the one or more additional signals. Addi-
tional feature detector(s) 540 detects one or more signal
features using the processed one or more additional signals.
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The one or more signal features allow for production of the
one or more baroreflex parameters and/or the one or more
additional parameters.

[0075] Parameter generator 532 can generate the one or
more baroreflex parameters each being a measure of the
BRS using the one or more signal features detected by
baroreflex feature detector(s) 530. In some embodiments,
parameter generator 532 can further generate the one or
more additional parameters.

[0076] In various embodiments, the one or more barore-
flex parameters generated by parameter generator 532 can
include, but are not limited to, any one or any combination
of examples (1)-(9) below:

[0077] (1) Heart rate, or inter-beat interval (IBI). The
relationship between the heart rate and the IBI (also
referred to as cardiac cycle length), as used in this
document, is the relationship between a frequency and
its corresponding period. If the heart rate is given in
beats per minute (bpm), its corresponding IBI in mil-
liseconds is calculated by dividing 60,000 by the heart
rate (where 60,000 is the number of milliseconds in a
minute). Any process using the heart rate can be
modified accordingly when the IBI is used instead.
Examples of the heart rate include atrial rate and
ventricular rate. Examples of the IBI include atrial
cycle length (interval between adjacent P-waves, i.e.,
P-P interval) and ventricular cycle length (interval
between adjacent R-waves, i.e., R-R interval). In vari-
ous embodiments, parameter generator 532 can genet-
ate the heart rate and/or 1Bl using the one or more
cardiac signals sensed and processed by cardiac sensing
electrodes 526A, cardiac sensing circuit 528A, and
cardiac events detector 530A.

[0078] (2) Blood pressure. When sensing blood pres-
sure directly is difficult, surrogates for blood pressure
can be used, such as:

[0079] a) Amplitude of the second heart sounds (S2);
or

[0080] b) Pulse transit time (PTT), which is the time
interval during which a pulse pressure waveform
travels between two arterial sites, such as measured
from signals sensed using a photoplethysmograph
(PPG) sensor that senses blood flow with light.

[0081] In various embodiments, parameter generator
532 can generate the blood pressure (or its surrogates)
using the one or more pressure signals sensed and
processed by pressure sensor 526B, pressure sensing
circuit 528B, and pressure feature detector 5308 and/or
the one or more heart sound signals sensed and pro-
cessed by heart sound sensor 526C, heart sound sensing
circuit 528C, and heart sound detector 530C.

[0082] (3) Amplitude of the first heart sound (S1, as a
measure of heart contractility) and cardiac time inter-
vals such as:

[0083] a) Pre-gjection period (PEP), measured as the
time interval between a Q or R-wave and the sub-
sequently adjacent S1 (Q-S1 or R-S1 interval);

[0084] b) Systolic Interval (SI), measured as the time
interval between a Q or R-wave and the subsequently
adjacent S2 (QQ-S2 or R-S2 interval);

[0085] c¢) Diastolic interval (DI), measured as the
time interval between S2 and the subsequently adja-
cent Q or R-wave (S2-Q or S2-R interval); and
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[0086] d) Left ventricular ejection time (LVET),
measured as the time interval between the S1 and the
subsequently adjacent S2 (S1-S2 interval).

[0087] In various embodiments, parameter generator
532 can generate the amplitude of S1 and/or the cardiac
time intervals using the one or more heart sound signals
sensed and processed by heart sound sensor 526C,
heart sound sensing circuit 528C, and heart sound
detector 530C and/or the one or more heart sound
signals sensed and processed by heart sound sensor
526C, heart sound sensing circuit 528C, and heart
sound detector 530C and the one or more cardiac
signals sensed and processed by cardiac sensing elec-
trodes 526A, cardiac sensing circuit 528A, and cardiac
events detector S30A.

[0088] (4) Heart rate variability (HRV) parameter, such
as:

[0089] a) Ratio of low-frequency (LF) HRV to high-
frequency (HF) HRV spectral power (LF/HF ratio).
The LF HRV includes components of the HRV
having frequencies between about 0.04 Hz and 0.15
Hz. The HF HRV includes components of the HRV
having frequencies between about 0.15 Hz and 0.40
Hz.

[0090] HRYV is the beat-to-beat variance in cardiac cycle
length over a period of time. An “HRV parameter” as
used in this document includes any parameter being a
measure of the HRV and used as a baroreflex param-
eter, including any qualitative expression of the beat-
to-beat variance in cardiac cycle length over a period of
time. Due to the significant impact of respiration on
HRV, parameter generator 532 may calculate an HRV
parameter, such as the LF/HF ratio, during times when
values of the one or more respiratory parameters are
consistent within specified ranges, and/or normalized
the HRV parameter by the one or more respiratory
parameters to improve algorithm robustness. In various
embodiments, parameter generator 532 can generate
the HRV parameter using the one or more cardiac
signals sensed and processed by cardiac sensing elec-
trodes 526 A, cardiac sensing circuit 528A, and cardiac
events detector S30A. When the HRV parameter is to
be corrected or normalized by respiration, parameter
generator 532 can generate the HRV parameter using
the one or more cardiac signals sensed and processed
by cardiac sensing electrodes 526A, cardiac sensing
circuit 528A, and cardiac events detector 530A and the
one or more respiratory signals sensed and processed
by respiratory sensor 526D, respiratory sensing circuit
528D, and respiratory parameter detector 530D.

[0091] (5) Slope of change in the heart rate, or time
interval during which the peak of the heart rate changes
by a specified percentage, during a change in the
posture (e.g., laying/sitting to standing or standing to
laying/sitting). The heart rate should increase when the
patient’s posture changes from laying/sitting to stand-
ing and decrease when the patient’s posture changes
from standing to laying/sitting, and the slope or rate of
the change in the heart rate indicates change in the
BRS. In various embodiments, parameter generator
532 can generate the slope of change in the heart rate
using the one or more cardiac signals sensed and
processed by cardiac sensing electrodes 526A, cardiac
sensing circuit 528 A, and cardiac events detector 530A.
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[0092] (6) Slope of change in the blood pressure (as
sensed directly using pressure sensor 526B or sensed
directly through a surrogate such as using heart sound
sensor 526C), or time interval during which the peak of
the blood pressure changes by a specified percentage,
during a change in the posture (e.g., laying/sitting to
standing or standing to laying/sitting). The blood pres-
sure should increase when the patient’s posture changes
from laying/sitting to standing and decrease when the
patient’s posture changes from standing to laying/
sitting, and the slope or rate of the change in the blood
pressure indicates change in the BRS. In various
embodiments, parameter generator 532 can generate
the blood pressure (or its surrogates) using the one or
more pressure signals sensed and processed by pressure
sensor 526B, pressure sensing circuit 528B, and pres-
sure feature detector 530B and/or the one or more heart
sound signals sensed and processed by heart sound
sensor 526C, heart sound sensing circuit 528C, and
heart sound detector 530C.

[0093] (7) Slope or strength of the linear association
between the blood pressure (as sensed directly using
pressure sensor 526B or sensed directly through a
surrogate such as using heart sound sensor 526C) and
the IBI (e.g., R-R interval). The cross-correlations (in
time domain) and coherence (in frequency domain)
may be used to improve the algorithm used by param-
eter generator 532 to calculate the one or more barore-
flex parameters and/or by pain analyzer 310 to produce
the signal metric and/or the pain score. To establish the
causality between the relationship (to reduce false
positives), for example, Granger causality may be
incorporated. In various embodiments, parameter gen-
erator 532 can generate the slope or strength of the
linear association between the blood pressure and the
IBI using the one or more pressure signals sensed and
processed by pressure sensor 526B, pressure sensing
circuit 528B, and pressure feature detector 530B and
the one or more cardiac signals sensed and processed
by cardiac sensing electrodes 526A, cardiac sensing
circuit 528A, and cardiac events detector 530A, and/or
the one or more heart sound signals sensed and pro-
cessed by heart sound sensor 526C, heart sound sensing
circuit 528C, and heart sound detector 530C and the
one or more cardiac signals sensed and processed by
cardiac sensing electrodes 526 A, cardiac sensing cit-
cuit 528A, and cardiac events detector 530A

[0094] (8) Neural activity parameter, such as a param-
eter representative of neural traffic, derived from one or
more neural signals recorded from one or more target
nerves that relay blood pressure information to the
patient’s brainstem (e.g., neural sensing electrodes
526F placed around, on, or adjacent vagal and/or
glossopharyngeal nerves). In various embodiments,
parameter generator 532 can generate the neural activ-
ity parameter using the one or more neural signals
sensed and processed using neural sensing electrodes
526F, neural sensing circuit 528E, and neural events
detector 530E.

[0095] (9) Other one or more parameters being mea-
sures of BRS. Examples (1)-(8) are discussed as spe-
cific examples, rather than limitations, of the one or
more baroreflex parameters. Any parameter allowing
for measurement of BRS can be used as a baroreflex
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parameter, in various embodiments. In various embodi-
ments, parameter generator 532 can generate the other
one or more parameters using additional sensor(s) 536,
additional sensing circuit(s) 538, and additional feature
detector(s) 540.

[0096] In various embodiments, any one or any combina-
tion of the parameters discussed in the examples (1)-(9)
above can be selected for use as the one or more baroreflex
parameters to be produced by parameter generator 532. The
selection can be made by considering factors such as the
desired accuracy and/or reliability of the signals to be
sensed, complexity and/or risk involved in placing the
sensor(s) (which may depend on the location of each system
components placed (e.g., implanted in the patient), power
consumption, complexity of computation, and cost.
Examples of selection of the one or more baroreflex param-
eters can include any one or any combination of the
examples (1)-(9).

[0097] In some embodiments, for efficiency of memory
use and computation, capture or storage of a rolling window
of data can be triggered by an event of interest (e.g., a
posture change), as controlled by posture sensing circuit
422, each of baroreflex sensing circuit 528, and/or additional
sensing circuit(s) 538. This rolling window can temporally
cover the event, such as starting about 1 second prior to the
event and ending about 1 second after the event, to allow
sufficient information to be analyzed by pain analyzer 310
on a few heart beats (see, e.g., FIG. 1B), or a wider range of
time as needed. In some embodiments, sampling rate applied
to any signal sensed by a sensor illustrated in FIG. 5§ can be
increased upon occurrence of the event of interest. In some
embodiments, for power and computation efficiency, the
analysis by pain analyzer 310 can be updated periodically
(such as on a beat-by-beat or second-by-second basis), or
upon occurrence of the event of interest. In some embodi-
ments, for power and computation efficiency, a low-power
operation mode can be used, for example when the patient
is known to be sleeping or at rest. The low-power operation
mode can allow for low sampling rate, less frequency
analysis, efc., to conserve power. In some embodiments, the
weighting factors used by parameter analyzer 312 can be
changed for a specified period of time after occurrence of the
event of interest. In some embodiments, pain score generator
314 can generate an acute pain score based on the param-
eters for a specified time around occurrences of the event of
interest and a chronic pain score based on the parameters for
a longer period of time, thereby distinguishing acute pain
from chronic pain.

[0098] FIG. 6 illustrates a pain management system 650
and portions of an environment in which system 650 may be
used. System 200 can be implemented in system 650.
System 650 can include an implantable medical device 644,
an implantable lead or lead system 652 connected to
implantable medical device 644, a portable device 646
communicatively coupled to implantable medical device
644 via a wireless communication link 648, a network 660
communicatively coupled to portable device 646 via com-
munication link 658, and medical facility 662 communica-
tively coupled to network 660. A pain monitoring circuit
such as pain monitoring circuit 202 (including its various
embodiments) can be contained within implantable medical
device 644 or distributed in implantable medical device 644
and portable device 646. Implantable medical device 644
can include a therapy device such as pain relief device 206
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to deliver one or more pain relief therapies. In various
embodiments, portable device 646 can be implemented as a
dedicated device or in a generic device such as a smart-
phone, a laptop computer, or a tablet computer. In various
embodiments, system 200, including the various embodi-
ments of its elements discussed in this document, can be
implemented entirely in implantable medical device 644
only, implemented in both implantable medical device 644
and portable device 646, or implemented in implantable
medical device 644, portable device 646, and other one or
more components of system 650.

[0099] In FIG. 6, lead or lead system 652 includes an
electrode or electrode array 654 and a sensor 656 as illus-
trated 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 644. In the
illustrated embodiment, sensor 656 can represent an
embodiment of a sensor (e.g., heart sound sensor 526C) that
is incorporated into lead or lead system 652 and to be
positioned in or near the thoracic region. In another embodi-
ment, the sensor (e.g., heart sound sensor 526C) can be
embedded in implantable medical device 644, which can be
placed in the lumbar region (e.g., for delivering SCS). In
various embodiments, each of the one or more posture
sensors, the one or more baroreflex sensors, and the one or
more additional sensors as discussed in this document (with
reference to FIGS. 4 and 5) can be incorporated into lead or
lead system 652, included in implantable medical device
644, or implemented as separate device, such as an implant-
able device, that can communicate with implantable medical
device 644 wirelessly via telemetry.

[0100] In various embodiments, the pain score as well as
other data can be produced by implantable medical device
644 based on sensed signals and transmitted to portable
device 646 via communication link 648. Portable device 646
can relay the pain score as well as the other data to network
660 via communication link 658 to be stored, further ana-
lyzed, inform the patient’s healthcare provider, and/or used
to control delivery of one or more pain relief therapies from
implantable medical device 644. When the pain score and/or
the other data indicate that the patient needs medical atten-
tion, such as when system 650 is unable to automatically
adjust the one or more pain relief therapies for a satisfactory
result as indicated by the composite pain score, a notification
will be transmitted to medical facility 662 from network
660.

[0101] In various embodiments, portable device 646 and
one or more devices within network 660 and/or medical
facility 662 can allow a user such as a physician or other
caregiver and/or the patient to communicate with implant-
able medical device 644, for example to initialize and adjust
settings of implantable medical device 644. For example, the
portable device may inform the patient the pain score and/or
other information produced by implantable medical device
644, and allow the patient to turn implantable medical
device 644 on and off and/or adjust certain patient-program-
mable parameters controlling delivery of a pain-relief
therapy.

[0102] The sizes and shapes of the elements of system 650
and their locations relative to the patient’s body are illus-
trated by way of example and not by way of restriction.
System 650 is discussed as a specific application of pain
management according to various embodiments of the pres-
ent subject matter. In various embodiments, the present
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subject matter may be applied in any type of pain manage-
ment in controlling delivery of one or more pain relief
energy and/or agents.

[0103] FIG. 7 illustrates an embodiment of a method 700
for pain management. In one embodiment, system 200,
including the various embodiments of its components, is
configured (e.g., programmed) to perform method 700.
[0104] At 702, one or more posture parameters and one or
more baroreflex parameters are received and analyzed. The
one or more posture parameters are indicative of posture of
a patient. The one or more baroreflex parameters allow for
determination of BRS of the patient. Examples of the one or
more posture parameters and the one or more baroreflex
parameters include the parameters that can be generated by
parameter generator 432 or 532.

[0105] At 704, a pain score is computed using an outcome
of the analysis at 702. The pain score is a function of the one
or more posture parameters and the one or more baroreflex
parameters, and is indicative of a degree (intensity) of the
pain.

[0106] At 706, delivery of the one or more pain-relief
therapies is controlled using the pain score and therapy
parameters. In various embodiments, the one or more pos-
ture parameters and the one or more baroreflex parameters
are continuously or periodically received and analyzed to
update the pain score to provide feedback control on the
delivery of the one or more pain-relief therapies.

[0107] At 708, the one or more pain-relief therapies are
delivered to the patient. Examples of the one or more
pain-relief therapies include those deliverable from pain
relief device 206.

[0108] FIG. 8 illustrates an embodiment of a method 800
for pain management. In one embodiment, system 200,
including the various embodiments of its components, is
configured (e.g., programmed) to perform method 800.
[0109] At 802, one or more posture signals are sensed.
Examples of the one or more posture signals include the one
or more posture signals that can be sensed using posture
sensor(s) 420.

[0110] At 804, one or more baroreflex signals are sensed.
Examples of the one or more baroreflex signals include the
one or more baroreflex signals that can be sensed using
baroreflex sensor(s) 426 or 526.

[0111] Optionally at 806, one or more additional signals
are sensed. In various embodiments, the one or more addi-
tional signals may be directly indicative of the BRS but
otherwise relate to pain. Examples for such one or more
additional signals are discussed in U.S. Provisional Patent
Application Ser. No. 62/400,336.

[0112] At 808, one or more parameters indicative of BRS
during posture change are generated. Examples of the one or
more parameters include the one or more posture parameters
and the one or more baroreflex parameters that can be
generated using parameter generator 432 or 532. In some
embodiments, the one or more parameters also include one
or more physiological parameters each indicative of a physi-
ological function or state of the patient, one or more func-
tional parameters each indicative of a physical activity or
state of the patient, and/or one or more patient parameters
including subjective information provided by the patient, in
addition to using the one or more posture parameters and the
one or more baroreflex parameters, that can be generated
using parameter generator 432 or 532. In one embodiment,
a BRS signal metric is generated using the one or more
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posture parameters and the one or more baroreflex param-
eters, and optionally the one or more additional parameters.
The BRS signal metric is representative of the BRS of the
patient being a function of a change in the posture of the
patient.

[0113] At 810, a pain score is computed using the one or
more parameters generated at 808. The pain score is an
objective and quantitative measure of a degree (intensity) of
pain. In one embodiment, the pain score is computed using
the BRS signal metric. In one embodiment, an acute pain
score is generated to indicate acute pain, such as around
occurrence of an event of interest, and a chronic pain score
is also generated to indicate chronic pain.

[0114] At 812, whether the pain score is decreasing (indi-
cating decreasing intensity of pain) is determined. If the pain
score is decreasing, delivery of a pain relief therapy is
maintained (i.e., the pain relief therapy is not started,
stopped, or adjusted in response) at 814. If the pain score is
not decreasing, whether the pain score exceeds a specified
therapy threshold is determined at 816. If the pain score does
not exceed the specified therapy threshold, the delivery of
the pain relief therapy is maintained (i.e., the pain relief
therapy is not started, stopped, or adjusted in response) at
814. If the pain score exceeds the specified therapy thresh-
old, the pain relief therapy is adjusted, such as optimized. In
various embodiments, the optimization can include adjust-
ing the therapy parameters towards improving BRS mea-
sures (e.g., as indicated by the BRS signal metric or the pain
score). In one embodiment, the optimization includes adjust-
ing the therapy parameters to minimizing the value of the
pain score (i.e., to minimizing the intensity of the pain). In
one embodiment in which the acute pain score is generated
at 810, the adjustment of the pain relief therapy at 818 can
be applied temporarily. In one embodiment, if a history of
acute pain occurring upon specific posture change(s) has
been established for the patient (automatically and/or by a
physician, other caregiver, and/or the patient), the adjust-
ment of the pain relief therapy at 818 can be enabled or
mandated upon detection of such specific posture change(s).
[0115] In various embodiments, method 800 is performed
continuously for adjusting the pain relief therapy when such
therapy is being applied to the patient. In various embodi-
ments, method 800 is performed periodically for adjusting
the pain relief therapy when such therapy is being applied to
the patient. In various embodiments, method 800 is pet-
formed in response to a user command entered by the patient
or auser such as a physician or other caregiver, such as when
the pain intensifies as perceived by the patient.

[0116] In various embodiments, a pain management sys-
tem, such as systems 200 or 650, may include any one or any
combination of the physical and functional structures dis-
cussed above and/or one or more other physical and func-
tional structures configured to be used to monitor and
control pain for a patient. In addition to the Examples
discussed in the Summary section above, non-limiting
examples 1-25 for pain management using BRS during
posture change are provided as follows:

[0117] InExample 1, a system for providing a patient with
pain management may include a pain monitoring circuit.
The pain monitoring circuit may include a parameter ana-
lyzer circuitry and pain score generator circuitry. The param-
eter analyzer circuitry may be configured to receive and
analyze one or more posture parameters indicative of pos-
ture of the patient and one or more baroreflex parameters
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allowing for determination of baroreflex sensitivity (BRS) of
the patient. The pain score generator circuitry may be
configured to compute a pain score using an outcome of the
analysis. The pain score being a function of the one or more
posture parameters and the one or more baroreflex param-
eters and indicative of a degree of pain.

[0118] In Example 2, the subject matter of Example 1 may
optionally be configured to further include a pain relief
device configured to deliver one or more pain-relief thera-
pies to the patient and a control circuit configured to control
the delivery of the one or more pain-relief therapies using
the pain score.

[0119] 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 parameter analyzer circuitry is config-
ured to generate a BRS signal metric using the one or more
posture parameters and the one or more baroreflex param-
eters, and the pain score generator circuitry is configured to
compute the pain score using the BRS signal metric. The
BRS signal metric is representative of the BRS of the patient
being a function of a change in the posture of the patient.
[0120] In Example 4. the subject matter of Example 3 may
optionally be configured such that the parameter analyzer
circuitry is configured to generate the BRS signal metric
using the one or more posture parameters, the one or more
baroreflex parameters, and at least one parameter selected
from a physiological parameter indicative of a physiological
function or state of the patient, a functional parameter
indicative of a physical activity or state of the patient, or a
patient parameter including subjective information provided
by the patient.

[0121] In Example 5, the subject matter of any one or any
combination of Examples 1 to 4 may optionally be config-
ured such that the one or more posture parameters include a
parameter indicative of a type of the change in the posture
of the patient, and the parameter analyzer circuitry is con-
figured to generate the BRS signal metric representative of
the BRS of the patient being a function of the type of the
change in the posture of the patient.

[0122] In Example 6, the subject matter of any one or any
combination of Examples 1 to 5 may optionally be config-
ured such that the one or more posture parameters include
one or more parameters indicative of one or more of a
magnitude or a duration of the change in the posture of the
patient, and the parameter analyzer circuitry is configured to
generate the BRS signal metric representative of the BRS of
the patient being a function of the one or more of the
magnitude or the duration of the change in the posture of the
patient.

[0123] In Example 7, the subject matter of any one or any
combination of Examples 1 to 6 may optionally be config-
ured such that the one or more posture parameters include
one or more parameters indicative of one or more of a
velocity or an acceleration of the change in the posture of the
patient, and the parameter analyzer circuitry is configured to
generate the BRS signal metric representative of the BRS of
the patient being a function of the one or more of the velocity
or the acceleration of the change in the posture of the patient.
[0124] In Example 8, the subject matter of any one or any
combination of Examples 1 to 7 may optionally be config-
ured such that the pain monitoring circuit further include one
or more posture sensors configured to sense one or more
posture signals indicative of posture of the patient, a posture
sensing circuit configured to process the one or more posture
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signals, a posture feature detector configured to detect one or
more posture signal features using the processed one or
more baroreflex signals, and a parameter generator config-
ured to generate the one or more posture parameters using
the detected one or more posture signal features.

[0125] In Example 9. the subject matter of Example 8 may
optionally be configured such that the pain monitoring
circuit further include one or more baroreflex sensors con-
figured to sense one or more baroreflex signals allowing for
the determination of the BRS, a baroreflex sensing circuit
configured to process the sensed one or more baroreflex
signals, and a baroreflex feature detector configured to detect
one or more baroreflex signal features using the processed
one or more baroreflex signals, and such that the parameter
generator is further configured to generate the one or more
baroreflex parameters using the detected one or more barore-
flex signal features.

[0126] In Example 10, the subject matter of Example 9
may optionally be configured such that the parameter gen-
erator is configured to generate a heart rate or a change of the
heart rate of the one or more baroreflex parameters.

[0127] InExample 11, the subject matter of any one or any
combination of Examples 9 and 10 may optionally be
configured such that the baroreflex parameter generator is
configured to generate a blood pressure or a change of the
blood pressure of the one or more baroreflex parameters.
The blood pressure is an actual blood pressure of the patient
or a surrogate of the blood pressure of the patient.

[0128] In Example 12, the subject matter of Example 11
may optionally be configured such that the baroreflex
parameter generator is configured to generate an amplitude
of second heart sounds, S2, or a pulse transit time, PTT, as
the surrogate of the blood pressure of the patient.

[0129] InExample 13, the subject matter of any one or any
combination of Examples 9 to 12 may optionally be con-
figured such that the baroreflex parameter generator is
configured to generate a heart sound parameter of the one or
more baroreflex parameters. The heart sound parameter is
representative of an amplitude of a heart sound or a time
interval associated with the heart sound.

[0130] InExample 14, the subject matter of any one or any
combination of Examples 9 to 13 may optionally be con-
figured such that the baroreflex parameter generator is
configured to generate a heart rate variability parameter of
the one or more baroreflex parameters, the heart rate vari-
ability parameter being a measure of heart rate variability of
the patient.

[0131] InExample 15, the subject matter of any one or any
combination of Examples 9 to 14 may optionally be con-
figured such that the baroreflex parameter generator is
configured to generate a neural parameter of the one or more
baroreflex parameters. The neural parameter is indicative of
neural activities associated relaying information about blood
pressure of the patient.

[0132] In Example 16, a method for managing pain of a
patient is provided. The method may include: receiving and
analyzing one or more posture parameters indicative of
posture of the patient and one or more baroreflex parameters
allowing for determination of a baroreflex sensitivity (BRS)
of the patient, and computing a pain score using an outcome
of the analysis. The pain score is a function of the one or
more posture parameters and the one or more baroreflex
parameters and indicative of a degree of the pain.
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[0133] In Example 17, the subject matter of Example 16
may optionally further include: delivering one or more
pain-relief therapies to the patient from a pain relief device,
and controlling the delivery of the one or more pain-relief
therapies using the pain score.

[0134] In Example 18, the subject matter of analyzing the
one or more posture parameters and the one or more
baroreflex parameters as found in any one or any combina-
tion of Examples 16 and 17 may optionally further include
generating a BRS signal metric using the one or more
posture parameters and the one or more baroreflex param-
eter. The BRS signal metric is representative of the BRS of
the patient being a function of a change in the posture of the
patient. The subject matter of computing the pain score as
found in any one or any combination of Examples 16 and 17
may optionally further include computing the pain score
using the BRS signal metric.

[0135] In Example 19, the subject matter of generating the
BRS signal metric as found in Example 18 may optionally
further include generating the BRS signal metric using the
one or more posture parameters, the one or more baroreflex
parameters, and at least one parameter selected from a
physiological parameter indicative of a physiological func-
tion or state of the patient, a functional parameter indicative
of a physical activity or state of the patient, or a patient
parameter including subjective information provided by the
patient.

[0136] In Example 20, the subject matter of any one or any
combination of Examples 16 to 19 may optionally further
include: sensing one or more posture signals indicative of
posture of the patient using one or more posture sensors
implanted in the patient, and generating the one or more
posture parameters using the one or more posture signals.
[0137] In Example 21, the subject matter of the one or
more posture parameters as found in any one or any com-
bination of Examples 16 to 20 may optionally further
include one or more of a parameter indicative of a type of the
change in the posture of the patient, a parameter indicative
of a magnitude of the change in the posture of the patient,
a parameter indicative of a duration of the change in the
posture of the patient, a parameter indicative of a velocity of
the change in the posture of the patient, or a parameter
indicative of an acceleration of the change in the posture of
the patient.

[0138] InExample 22, the subject matter of any one or any
combination of Examples 16 to 21 may optionally further
include: sensing one or more baroreflex signals allowing for
the determination of the BRS using one or more baroreflex
sensors implanted in the patient, and generating the one or
more baroreflex parameters using the one or more baroreflex
signals.

[0139] In Example 23, the subject matter of the one or
more baroreflex signals as found in Example 22 may option-
ally further include one or more of a cardiac signal indicative
of a heart rate of the patient or a blood pressure signal
indicative of a blood pressure of the patient.

[0140] In Example 24, the subject matter of the one or
more baroreflex parameters as found in Example 23 may
optionally further include a parameter indicative of one or
more of a heart rate, a change in the heart rate, a slope of
change in the heart rate, or a heart rate variability.

[0141] In Example 25, the subject matter of the one or
more baroreflex parameters as found in Example 23 may
optionally further include a blood pressure parameter, a
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change in the blood pressure parameter, a slope of the
change in the blood pressure parameter, or a measure of a
neural activity driven by the blood pressure or the change in
the blood pressure, the blood pressure parameter indicative
of the blood pressure of the patient.

EXAMPLE

Pain Management Using Ambulatory Monitoring of
Spontaneous BRS

[0142] In various embodiments, an exermplary system can
provide for ambulatory assessment of BRS. BRS varies as a
natural response to various factors including respiration,
physical stressors, and mental stressors in daily activities.
Variability in BRS can be used as an indicator of barore-
ceptor function and used as an objective measure of pain.
Dynamic changes in baroreflex function can be captured
using beat-to-beat sensitivity to analyze changes in heart rate
and blood pressure for each cardiac contraction.

[0143] One indicator of the baroreflex function is sponta-
neous BRS, which is the spontaneous changes in BRS
measured as beat-to-beat sensitivity. Spontaneous BRS can
be measured through consecutive heart beats that are char-
acterized by simultaneous increase or decrease in blood
pressure and cardiac interval (e.g., time interval between
successive R-waves). BRS can be calculated as the average
of the linear regression slopes detected for each sequence of
the simultaneous increase or decrease in blood pressure and
cardiac interval over a given time interval. In various
embodiments, such sequences of simultaneous increase or
decrease in blood pressure and cardiac interval can be
captured by monitoring respiration and/or physical activity
in a patient. While physical activity and respiration moni-
toring are discussed as examples, any other signals allowing
for capturing dynamic spontaneous BRS can be applied
without departing from the scope of the present subject
matter.

[0144] Similar to respiratory sinus arrhythmia (RSA) and
diminished heart rate variability (HRV), diminished BRS is
evident in chronic pain patients. Because there is a sponta-
neous blood pressure variability due to respiration, dynamic
spontaneous BRS can be captured by analyzing blood pres-
sure and heart rate during a respiratory cycle. Respiration
induces HRV by modulation of the arterial baroreflex and by
direct mechanical modulation of the sinoatrial (SA) node
pacemaker properties. Using inspiration and expiration, con-
secutive increases or decreases in blood pressure and cardiac
interval can be captured to calculate BRS in the patient.
[0145] Moment-to-moment regulation of blood pressure
through the baroreceptor reflex is reduced during exercise
when compared to rest. BRS decreases during exercise
because the body’s operating point on the heart rate-blood
pressure curve shifts away from the maximal sensitivity
point at the center of the curve (at rest condition). The shift
moves the “set point” of blood pressure to a higher level
with less sensitivity to changes in blood pressure. This
change in BRS varies with exercise intensity. As the exercise
level increases, the operating point progressively moves
away from the center point towards the upper threshold of
the heart rate-blood pressure curve. Chronic pain is associ-
ated with alterations in autonomic function, which can be
analyzed by monitoring baroreflex function during physical
activity. Exercise alone can cause a decrease in BRS, and
exercise compounded with chronic pain can lead to a more
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significant decrease in BRS. In a study using a mouse
chronic musculoskeletal pain model, the autonomic dys-
function was prevented in mice that exercised compared to
those that did not. By coupling activity and BRS monitoring,
it is possible to investigate the baroreceptor reflex at a higher
operator point (due to exercise) and evaluate therapeutic
interventions.

[0146] Thus, the present system uses baroreceptor
response to events such as respiration or physical activity of
the patient to determine an objective marker of pain that can
be continuously captured during every day activities. This
objective marker of pain, such as a pain score, can be used
to guide diagnoses and therapeutic interventions. The sys-
tem can include one or more sensors, such as sensors
allowing for ambulatory blood pressure and heart rate moni-
toring, for measuring BRS and one or more sensors for
sensing physical activity and/or respiration. Spontaneous
BRS can be analyzed during physical activity as detected by
an activity sensor and/or analyzed during respiration as
detected by the respiratory sensor. An objective pain score
can be determined based on the analysis. The system can
also allow for monitoring of spontaneous BRS at home to
provide an indicator of the patient’s state and eflicacy of
therapeutic interventions.

[0147] Referring to FIG. 3 again, in various embodiments
using ambulatory monitoring of spontaneous BRS for pain
management, parameter analyzer 312 can receive and ana-
lyze one or more activity parameters and/or one or more
respiratory parameters and the one or more baroreflex
parameters. In various embodiments, the one or more activ-
ity parameters are indicative of a level of physical activity of
the patient. The one or more respiratory parameters are
indicative of respiratory cycles (each including an inspira-
tory phase and an expiratory phase) of the patient. The one
or more baroreflex parameters can include any one or more
signals indicative of the patient’s baroreflex and allow for
determination of the BRS. Pain score generator 314 can
compute a pain score using an outcome of the analysis. The
pain score indicating of a degree (intensity) of the pain. In
one embodiment, parameter analyzer 312 detects values of
each baroreflex parameter of the one or more baroreflex
parameter during time intervals corresponding to, for
example, a specified range of the level of physical activity,
a specified period during the inspiratory phase, and/or a
specified period during the expiratory phase, and stratifies
the values of the baroreflex parameter by values of each of
the one or more activity parameters and/or one or more
respiratory parameters.

[0148] In one embodiment, parameter analyzer 312 pro-
duces a signal metric being a measure of BRS as a function
of the one or more activity parameters and/or one or more
respiratory parameters, and pain score generator 314 com-
putes the pain score using the signal metric. In one embodi-
ment, in addition to the one or more activity parameters
and/or one or more respiratory parameters and the one or
more baroreflex parameters, pain analyzer 310 uses one or
more additional parameters to produce the signal metric for
an increased reliability of the pain score. The one or more
additional parameters can be selected from one or more
physiological parameters each indicative of a physiological
function or state of the patient, one or more functional
parameters each indicative of a physical activity or state of
the patient, and/or one or more patient parameters including
subjective information provided by the patient. Examples of
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such one or more additional parameters are discussed in U.S.
Provisional Patent Application Ser. No. 62/400,336.

[0149] The signal metric can be a linear or nonlinear
combination of the one or more baroreflex parameters each
as a function of the one or more activity parameters and/or
one or more respiratory parameters. In various embodi-
ments, parameter analyzer 312 can produce the signal metric
using multiple baroreflex parameters with the weighting
factors each applied to one of these baroreflex parameters. In
various embodiments, parameter analyzer 312 can adjust the
weighting factors through automatic learning and adaptation
to the patient over time (e.g., based on stored parameters
and/or outcomes of analysis, such as features extracted from
the parameters). In various other embodiments, parameter
analyzer 312 can allow the weighting factors to be adjusted
manually. In various other embodiments, the weighting
factors can be adjusted according to a calibration schedule or
as needed, and the adjustment can be performed by a user
such as a physician or other authorized care provider in a
clinic, or initiated by the patient and performed by parameter
analyzer 312 automatically at home. In various embodi-
ments, the weighting factors can be patient-specific and
dynamically changed based on the patient’s conditions and/
or activities.

[0150] FIG. 9 illustrates an embodiment of a pain moni-
toring circuit 902, which represent another example of pain
monitoring circuit 202. In the illustrated embodiment, pain
monitoring circuit 902 can include one or more activity
sensors 970, an activity sensing circuit 972, an activity
feature detector 974, one or more respiratory sensors 976, a
respiratory sensing circuit 978, a respiratory feature detector
980, one or more baroreflex sensors 426, baroreflex sensing
circuit 428, baroreflex feature detector 430, a parameter
generator 932, and pain analyzer 310. In various embodi-
ments, pain monitoring circuit 902 can use either one or both
of the one or more activity parameters and the one or more
respiratory parameters in determining the patient’s sponta-
neous BRS. Thus, in one embodiment, pain monitoring
circuit 902 includes one or more activity sensors 970,
activity sensing circuit 972, activity feature detector 974,
one or more baroreflex sensors 426, baroreflex sensing
circuit 428, baroreflex feature detector 430, parameter gen-
erator 932, and pain analyzer 310. In another embodiment,
pain monitoring circuit 902 includes one or more respiratory
sensors 976, respiratory sensing circuit 978, respiratory
feature detector 980, one or more baroreflex sensors 426,
baroreflex sensing circuit 428, baroreflex feature detector
430, parameter generator 932, and pain analyzer 310.

[0151] In various embodiments, activity sensor(s) 970 can
sense one or more activity signals indicative of the level of
physical activity of the patient. Examples of the activity
sensor(s) 970 include an accelerometer a gyroscope, a
magnetometer, an electromyography (EMG) sensor, a global
positioning system (GPS), or any other sensor or combina-
tion of sensors capable of providing one or more activity
signals allowing for determination of the patient’s level of
physical activity. Activity sensing circuit 972 can process the
one or more activity signals. Activity feature detector 974
can detect one or more activity signal features using the
processed one or more activity signals. The one or more
activity signal features allow for measurement of the one or
more activity parameters. Parameter generator 932 can gen-
erate the one or more activity parameters using the detected
one or more activity signal features. In various embodi-
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ments, the one or more activity parameters include at least
alevel of physical activity of the patient. In various embodi-
ments, the one or more activity parameters can also include
one or more parameters each indicative a type of physical
activity or a level of that type of physical activity.

[0152] Respiratory sensor(s) 976 can sense one or more
respiratory signals. Respiratory sensing circuit 978 can
process the sensed one or more respiratory signals. Respi-
ratory parameter detector 980 can detect one or more respi-
ratory parameters using the processed sensed one or more
respiratory signals. The one or more respiratory signals are
physiologic signals indicative of respiratory cycles and
various other respiratory parameters. Various embodiments
of respiratory sensor 526D, respiratory sensing circuit 528D,
and respiratory parameter detector 530D, as discussed above
with reference to FIG. 5, are also applicable as various
embodiments for respiratory sensor(s) 976, respiratory sens-
ing circuit 978, and respiratory parameter detector 980,
respectively.

[0153] Various embodiments of baroreflex sensor(s) 426,
baroreflex sensing circuit 428, and baroreflex feature detec-
tor 430, including baroreflex sensors 526 (A-E), baroreflex
sensing circuits 528 (A-E), and baroreflex feature detectors
530 (A-E) are discussed above with reference to FIG. 5. In
various embodiments, activity sensor(s) 970 (if used), respi-
ratory sensor(s) 976 (if used), and baroreflex sensor(s) 426
can each be configured as an external (such as wearable)
sensor or an implantable sensor.

[0154] Parameter generator 932 can generate the one or
more baroreflex parameters each being a measure of the
BRS using the one or more signal features detected by
baroreflex feature detector 430 (including its various
embodiments such as baroreflex feature detectors 530. In
some embodiments, parameter generator 932 can further
generate the one or more additional parameters. In various
embodiments, the one or more baroreflex parameters gen-
erated by parameter generator 932 can include, but are not
limited to, the same examples (1)-(9), including their various
combinations, discussed above as the one or more baroreflex
parameters generated by parameter generator 532.

[0155] In various embodiments, parameter generator 932
can generate one or more timing parameters and one or more
baroreflex parameters allowing for determination of barore-
flex sensitivity (BRS) of the patient. The one or more timing
parameters are indicative of time intervals during which
values of the one or more baroreflex parameters are used to
determine the BRS. The one or more timing parameters are
indicative of simultaneous increase or decrease in blood
pressure and cardiac interval of the patient. Examples of the
one or more timing parameters include the one or more
activity parameters and the one or more respiratory param-
eters as discussed above.

[0156] In various embodiments, parameter generator 932
can classify the BRS based on the level of physical activity
or exertion indicated by the one or more activity signals
and/or the one or more respiratory signals. The level of
physical activity can include discrete levels such as mild
activity, moderate activity, and vigorous activity. The level
of physical activity can also be over a continuum of levels
indicated by signals such as activity, respiration, and/or
biochemical markers, for example, and by vector magnitude
units over a period of time, caloric expenditure, distance
traveled, or other activity or exertion measures, or a com-
bination of such measures.
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[0157] In various embodiments, pain analyzer 310 can
calculate the pain score as an objective measure of thera-
peutic efficacy from the spontaneous BRS assessed through-
out changes in the level of physical activity or respiration. In
some embodiments, the pain score can be calculated based
on the spontaneous BRS and one or more additional param-
eters (i.e., the one or more physiological parameters, the one
or more functional parameters, and/or the one or more
patient parameters, with examples discussed in U.S. Provi-
sional Patent Application Ser. No. 62/400,336). The pain
score can be used to quantify pain for diagnostic and/or
monitoring purposes as well as therapy control. For
example, the pain score can be used to indicate therapeutic
efficacy for determining optimal therapy parameters or in a
closed-loop therapy to treat chronic pain or related disorders.

[0158] FIG. 10 illustrates a pain management system 1050
and portions of an environment in which system 1050 may
be used. System 200 can be implemented in system 1050.
System 650 can include an implantable medical device
1044, implantable lead or lead system 652 connected to
implantable medical device 1044, a portable device 1046
communicatively coupled to implantable medical device
1044 via a wireless communication link 648, a wearable
sensor 1082 communicatively coupled to implantable medi-
cal device 1044 via a wireless communication link 1084 and
communicatively coupled to portable device 1046 via a
wireless communication link 1086, a network 660 commu-
nicatively coupled to portable device 1046 via communica-
tion link 658, and medical facility 662 communicatively
coupled to network 660. A pain monitoring circuit such as
pain monitoring circuit 202 (including its various embodi-
ments) can be contained within implantable medical device
1044 or distributed in implantable medical device 1044 and
portable device 1046. Implantable medical device 1044 can
include a therapy device such as pain relief device 206 to
deliver one or more pain relief therapies. In various embodi-
ments, portable device 1046 can be implemented as a
dedicated device or in a generic device such as a smart-
phone, a laptop computer, or a tablet computer. In various
embodiments, system 200, including the various embodi-
ments of its elements discussed in this document, can be
implemented entirely in implantable medical device 1044
only, implemented in both implantable medical device 1044
and portable device 1046, or implemented in implantable
medical device 1044, portable device 1046, and other one or
more components of system 1050.

[0159] Lead or lead system 652 includes an electrode or
electrode array 654 and a sensor 656 as illustrated by way of
example, but not by way of restriction. In various embodi-
ments, additional one or more electrodes can be incorporated
onto implantable medical device 1044. In the illustrated
embodiment, sensor 656 can represent an embodiment of a
sensor (e.g., heart sound sensor 526C) that is incorporated
into lead or lead system 652 and to be positioned in or near
the thoracic region. In another embodiment, the sensor (e.g.,
heart sound sensor 526C) can be embedded in implantable
medical device 1044, which can be placed in the lumbar
region (e.g., for delivering SCS). In various embodiments,
each of the one or more activity sensors, the one or more
respiratory sensors, the one or more baroreflex sensors, and
the one or more additional sensors as discussed in this
document (with reference to FIGS. 4, 5, and 9) can be
incorporated into lead or lead system 652, included in
implantable medical device 1044, or implemented as wear-
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able sensor 1082, that can communicate with implantable
medical device 1044 wirelessly via telemetry.

[0160] In various embodiments, the pain score as well as
other data can be produced by implantable medical device
1044 based on sensed signals and transmitted to portable
device 1046 via communication link 648. Portable device
1046 can relay the pain score as well as the other data to
network 660 via communication link 658 to be stored,
further analyzed, inform the patient’s healthcare provider,
and/or used to control delivery of one or more pain relief
therapies from implantable medical device 1044. When the
pain score and/or the other data indicate that the patient
needs medical attention, such as when system 1050 is unable
to automatically adjust the one or more pain relief therapies
for a satisfactory result as indicated by the composite pain
score, a notification will be transmitted to medical facility
662 from network 660.

[0161] In various embodiments, portable device 1046 and
one or more devices within network 660 and/or medical
facility 662 can allow a user such as a physician or other
caregiver and/or the patient to communicate with implant-
able medical device 1044, for example to initialize and
adjust settings of implantable medical device 1044. For
example, the portable device may inform the patient the pain
score and/or other information produced by implantable
medical device 1044, and allow the patient to turn implant-
able medical device 1044 on and off and/or adjust certain
patient-programmable parameters controlling delivery of a
pain-relief therapy.

[0162] The sizes and shapes of the elements of system
1050 and their locations relative to the patient’s body are
illustrated by way of example and not by way of restriction.
System 1050 is discussed as a specific application of pain
management according to various embodiments of the pres-
ent subject matter. In various embodiments, the present
subject matter may be applied in any type of pain manage-
ment in monitoring pain, and/or controlling delivery of one
or more pain relief energy and/or agents, using one or more
implantable and/or wearable devices. In various embodi-
ments, system 1050 can also be implemented without using
implantable devices, such as by monitoring pain using only
wearable sensors and delivering one or more pain relief
energy and/or agents using a wearable device.

[0163] FIG. 11 illustrates an embodiment of a method
1100 for pain management. In one embodiment, system 200,
including the various embodiments of its components, is
configured (e.g., programmed) to perform method 1100.
[0164] At 1102, one or more activity parameters and one
or more baroreflex parameters are received and analyzed.
The one or more activity parameters are indicative of a level
of physical activity of a patient. The one or more baroreflex
parameters allow for determination of BRS of the patient.
Examples of the one or more activity parameters and the one
or more baroreflex parameters include the parameters that
can be generated by parameter generator 932.

[0165] At 1104, a pain score is computed using an out-
come of the analysis at 702. The pain score is a function of
the one or more activity parameters and the one or more
baroreflex parameters, and is indicative of a degree (inten-
sity) of the pain.

[0166] At 1106, delivery of the one or more pain-relief
therapies is controlled using the pain score and therapy
parameters. In various embodiments, the one or more activ-
ity parameters and the one or more baroreflex parameters are
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continuously or periodically received and analyzed to update
the pain score to provide feedback control on the delivery of
the one or more pain-relief therapies.

[0167] At 1108, the one or more pain-relief therapies are
delivered to the patient. Examples of the one or more
pain-relief therapies include those deliverable from pain
relief device 206.

[0168] FIG. 12 illustrates an embodiment of a method
1200 for pain management. In one embodiment, system 200,
including the various embodiments of its components, is
configured (e.g., programmed) to perform method 1200.
[0169] At 1202, one or more activity signals are sensed.
Examples of the one or more activity signals include the one
or more activity signals that can be sensed using activity
sensor(s) 970.

[0170] At 1204, one or more baroreflex signals are sensed.
Examples of the one or more baroreflex signals include the
one or more baroreflex signals that can be sensed using
baroreflex sensor(s) 426 or 526.

[0171] Optionally at 1206, one or more additional signals
are sensed. In various embodiments, the one or more addi-
tional signals may be directly indicative of the BRS but
otherwise relate to pain. Examples for such one or more
additional signals are discussed in U.S. Provisional Patent
Application Ser. No. 62/400,336.

[0172] At 1208, one or more parameters indicative of
spontaneous BRS are generated using the one or more
activity signals and the one or more baroreflex signals.
Examples of the one or more parameters include the one or
more activity parameters and the one or more baroreflex
parameters that can be generated using parameter generator
932. In some embodiments, the one or more parameters also
include one or more physiological parameters each indica-
tive of a physiological function or state of the patient, one or
more functional parameters each indicative of a physical
activity or state of the patient, and/or one or more patient
parameters including subjective information provided by the
patient, in addition to using the one or more activity param-
eters and the one or more baroreflex parameters, that can be
generated using parameter generator 932. In one embodi-
ment, a BRS signal metric is generated using the one or more
activity parameters and the one or more baroreflex param-
eters, and optionally the one or more additional parameters.
The BRS signal metric is representative of the BRS of the
patient being a function of the level of physical activity of
the patient.

[0173] At 1210, a pain score is computed using the one or
more parameters generated at 808. The pain score is an
objective and quantitative measure of a degree (intensity) of
pain. In one embodiment, the pain score is computed using
the BRS signal metric. In one embodiment, an acute pain
score is generated to indicate acute pain, such as around
occurrence of an event of interest, and a chronic pain score
is also generated to indicate chronic pain.

[0174] At 1212, whether the pain score is decreasing
(indicating decreasing intensity of pain) is determined. If the
pain score is decreasing, delivery of a pain relief therapy is
maintained (i.e., the pain relief therapy is not started,
stopped, or adjusted in response) at 1214. If the pain score
is not decreasing, whether the pain score exceeds a specified
therapy threshold is determined at 1216. If the pain score
does not exceed the specified therapy threshold, the delivery
of the pain relief therapy is maintained (i.e., the pain relief
therapy is not started, stopped, or adjusted in response) at
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1214. If the pain score exceeds the specified therapy thresh-
old, the pain relief therapy is adjusted, such as optimized. In
various embodiments, the optimization can include adjust-
ing the therapy parameters towards improving BRS mea-
sures (e.g., as indicated by the BRS signal metric or the pain
score). In one embodiment, the optimization includes adjust-
ing the therapy parameters to minimizing the value of the
pain score (i.e., to minimizing the intensity of the pain). In
one embodiment in which the acute pain score is generated
at 1210, the adjustment of the pain relief therapy at 1218 can
be applied temporarily. In one embodiment, if a history of
acute pain occurring upon specific activity level change(s)
has been established for the patient (automatically and/or by
a physician, other caregiver, and/or the patient), the adjust-
ment of the pain relief therapy at 1218 can be enabled or
mandated upon detection of such specific activity level
change(s).

[0175] In various embodiments, method 1200 is per-
formed continuously for adjusting the pain relief therapy
when such therapy is being applied to the patient. In various
embodiments, method 1200 is performed periodically for
adjusting the pain relief therapy when such therapy is being
applied to the patient. In various embodiments, method 1200
is performed in response to a user command entered by the
patient or a user such as a physician or other caregiver, such
as when the pain intensifies as perceived by the patient.
[0176] FIG. 13 illustrates an embodiment of a method
1300 for pain management. In one embodiment, system 200,
including the various embodiments of its components, is
configured (e.g., programmed) to perform method 1300.
[0177] At 1302, one or more respiratory parameters and
one or more baroreflex parameters are received and ana-
lyzed. The one or more respiratory parameters are indicative
of respiratory cycles (each including an inspiratory phase
and an expiratory phase) of a patient. The one or more
baroreflex parameters allow for determination of BRS of the
patient. Examples of the one or more respiratory parameters
and the one or more baroreflex parameters include the
parameters that can be generated by parameter generator
932.

[0178] At 1304, a pain score is computed using an out-
come of the analysis at 702. The pain score is a function of
the one or more respiratory parameters and the one or more
baroreflex parameters, and is indicative of a degree (inten-
sity) of the pain.

[0179] At 1306, delivery of the one or more pain-relief
therapies is controlled using the pain score and therapy
parameters. In various embodiments, the one or more respi-
ratory parameters and the one or more baroreflex parameters
are continuously or periodically received and analyzed to
update the pain score to provide feedback control on the
delivery of the one or more pain-relief therapies.

[0180] At 1308, the one or more pain-relief therapies are
delivered to the patient. Examples of the one or more
pain-relief therapies include those deliverable from pain
relief device 206.

[0181] FIG. 14 illustrates an embodiment of a method
1400 for pain management. In one embodiment, system 200,
including the various embodiments of its components, is
configured (e.g., programmed) to perform method 1400.
[0182] At 1402, one or more respiratory signals are
sensed. Examples of the one or more respiratory signals
include the one or more respiratory signals that can be
sensed using respiratory sensor(s) 526D or 976.
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[0183] At 1204, one or more baroreflex signals are sensed.
Examples of the one or more baroreflex signals include the
one or more baroreflex signals that can be sensed using
baroreflex sensor(s) 426 or 526.

[0184] Optionally at 1406, one or more additional signals
are sensed. In various embodiments, the one or more addi-
tional signals may be directly indicative of the BRS but
otherwise relate to pain. Examples for such one or more
additional signals are discussed in U.S. Provisional Patent
Application Ser. No. 62/400,336.

[0185] At 1408, one or more parameters indicative of BRS
are generated using the one or more respiratory signals and
the one or more baroreflex signals. Examples of the one or
more parameters include the one or more respiratory param-
eters and the one or more baroreflex parameters that can be
generated using parameter generator 932. In some embodi-
ments, the one or more parameters also include one or more
physiological parameters each indicative of a physiological
function or state of the patient, one or more functional
parameters each indicative of a physical activity or state of
the patient, and/or one or more patient parameters including
subjective information provided by the patient, in addition to
using the one or more respiratory parameters and the one or
more baroreflex parameters, that can be generated using
parameter generator 932. In one embodiment, a BRS signal
metric is generated using the one or more respiratory param-
eters and the one or more baroreflex parameters, and option-
ally the one or more additional parameters. The BRS signal
metric is representative of the BRS of the patient being a
function of the respiratory cycle the patient.

[0186] At 1410, a pain score is computed using the one or
more parameters generated at 808. The pain score is an
objective and quantitative measure of a degree (intensity) of
pain. In one embodiment, the pain score is computed using
the BRS signal metric. In one embodiment, an acute pain
score is generated to indicate acute pain, such as around
occurrence of an event of interest, and a chronic pain score
is also generated to indicate chronic pain.

[0187] At 1412, whether the pain score is decreasing
(indicating decreasing intensity of pain) is determined. If the
pain score is decreasing, delivery of a pain relief therapy is
maintained (i.e., the pain relief therapy is not started,
stopped, or adjusted in response) at 1414. If the pain score
is not decreasing, whether the pain score exceeds a specified
therapy threshold is determined at 1416. If the pain score
does not exceed the specified therapy threshold, the delivery
of the pain relief therapy is maintained (i.e., the pain relief
therapy is not started, stopped, or adjusted in response) at
1414. If the pain score exceeds the specified therapy thresh-
old, the pain relief therapy is adjusted, such as optimized. In
various embodiments, the optimization can include adjust-
ing the therapy parameters towards improving BRS mea-
sures (e.g., as indicated by the BRS signal metric or the pain
score). In one embodiment, the optimization includes adjust-
ing the therapy parameters to minimizing the value of the
pain score (i.e., to minimizing the intensity of the pain). In
one embodiment in which the acute pain score is generated
at 1410, the adjustment of the pain relief therapy at 1418 can
be applied temporarily. In one embodiment, if a history of
acute pain occurring upon specific respiratory pattern
change(s) has been established for the patient (automatically
and/or by a physician, other caregiver, and/or the patient),
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the adjustment of the pain relief therapy at 1418 can be
enabled or mandated upon detection of such specific respi-
ratory pattern change(s).

[0188] In various embodiments, method 1400 is per-
formed continuously for adjusting the pain relief therapy
when such therapy is being applied to the patient. In various
embodiments, method 1400 is performed periodically for
adjusting the pain relief therapy when such therapy is being
applied to the patient. In various embodiments, method 1400
is performed in response to a user command entered by the
patient or a user such as a physician or other caregiver, such
as when the pain intensifies as perceived by the patient.
[0189] In some embodiments, methods 1100 and 1300 can
be combined, i.e., by sensing both the one or more activity
signals and the one or more respiratory signals, and gener-
ating the one or more parameters indicative of BRS using the
one or more activity signals, the one or more respiratory
signals, and the one or more baroreflex signals. In some
embodiments, methods 1200 and 1400 can be combined,
i.e., by sensing both the one or more activity signals and the
one or more respiratory signals, and generating the one or
more parameters indicative of BRS using the one or more
activity signals, the one or more respiratory signals, and the
one or more baroreflex signals.

[0190] In various embodiments, a pain management sys-
tem, such as systems 200 or 1050, may include any one or
any combination of the physical and functional structures
discussed above and/or one or more other physical and
functional structures configured to be used to monitor and
control pain for a patient. In addition to the Examples
discussed in the Summary section above, non-limiting
examples 1-25 for pain management using spontaneous
BRS are provided as follows:

[0191] In Example 1, a system for providing a patient with
pain management, may include a pain monitoring circuit.
The pain monitoring circuit may include parameter analyzer
circuitry and pain score generator circuitry. The parameter
analyzer circuitry may be configured to receive and analyze
one or more timing parameters and one or more baroreflex
parameter. The one or more timing parameters are indicative
of time intervals during which the patient’s blood pressure
and cardiac interval increase simultaneously or decrease
simultaneously. The one or more baroreflex parameters
allow for determination of spontaneous baroreflex sensitiv-
ity (BRS) of the patient during the time intervals. The pain
score generator circuitry may be configured to compute a
pain score using an outcome of the analysis. The pain score
is a function of the spontaneous BRS of the patient during
the time intervals and indicative of a degree of pain of the
patient.

[0192] In Example 2, the subject matter of Example 1 may
optionally be configured to further include a pain relief
device configured to deliver one or more pain-relief thera-
pies to the patient and a control circuit configured to control
the delivery of the one or more pain-relief therapies using
the computed pain score.

[0193] 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 parameter analyzer circuitry is further
configured to generate a BRS signal metric using the one or
more timing parameters and the one or more baroreflex
parameters, and the pain score generator circuitry is further
configured to compute the pain score using the BRS signal
metric.
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[0194] In Example 4. the subject matter of Example 3 may
optionally be configured such that the parameter analyzer
circuitry is further configured to generate the BRS signal
metric using the one or more timing parameters, the one or
more baroreflex parameters, and at least one parameter
selected from a physiological parameter indicative of a
physiological function or state of the patient, a functional
parameter indicative of a physical activity or state of the
patient, or a patient parameter including subjective infor-
mation provided by the patient.

[0195] In Example 5, the subject matter of any one or any
combination of Examples 1 to 4 may optionally be config-
ured such that the parameter analyzer circuitry is further
configured to receive and analyze one or more activity
parameters of the one or more timing parameters and the one
or more baroreflex parameter, and is further configured to
determine the spontaneous BRS of the patient as a function
of the level of physical activity of the patient. The one or
more activity parameters are indicative of a level of physical
activity of the patient.

[0196] In Example 6. the subject matter of Example 5 may
optionally be configured to further include one or more
activity sensors configured to sense one or more activity
signals indicative of the level of physical activity of the
patient, an activity sensing circuit configured to process the
one or more activity signals, an activity feature detector
configured to detect one or more activity signal features
using the processed one or more activity signals, and a
parameter generator configured to generate the one or more
activity parameters using the detected one or more activity
signal features.

[0197] In Example 7, the subject matter of any one or any
combination of Examples 1 to 6 may optionally be config-
ured such that the parameter analyzer circuitry is further
configured to receive and analyze one or more respiratory
parameters of the one or more timing parameters and the one
or more baroreflex parameter, the one or more respiratory
parameters indicative of respiratory cycles of the patient, the
respiratory cycles each including an inspiration phase and an
expiration phase, and is further configured to determine the
spontaneous BRS of the patient using values of the one or
more baroreflex parameters during one or more of inspira-
tion phases or expiration phases of the respiratory cycles of
the patient.

[0198] In Example 8, the subject matter of any one or any
combination of Examples 1 to 7 may optionally be config-
ured such that the pain monitoring circuit further includes
one or more respiratory sensors configured to sense one or
more respiratory signals indicative of the respiratory cycles
of the patient, a respiratory sensing circuit configured to
process the one or more respiratory signals, a respiratory
feature detector configured to detect one or more respiratory
signal features using the processed one or more respiratory
signals, and a parameter generator configured to generate the
one or more respiratory parameters using the detected one or
more respiratory signal features.

[0199] In Example 9, the subject matter of any one or any
combination of Examples 6 and 8 may optionally be con-
figured such that the pain monitoring circuit further includes
one or more baroreflex sensors configured to sense one or
more baroreflex signals allowing for the determination of the
spontaneous BRS, a baroreflex sensing circuit configured to
process the sensed one or more baroreflex signals, and a
baroreflex feature detector configured to detect one or more
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baroreflex signal features using the processed one or more
baroreflex signals, and the parameter generator is further
configured to generate the one or more baroreflex param-
eters using the detected one or more baroreflex signal
features.

[0200] In Example 10, the subject matter of Example 9
may optionally be configured such that the parameter gen-
erator is further configured to generate a heart rate or a
change of the heart rate of the one or more baroreflex
parameters.

[0201] InExample 11, the subject matter of any one or any
combination of Examples 9 and 10 may optionally be
configured such that the baroreflex parameter generator is
further configured to generate a blood pressure or a change
of the blood pressure of the one or more baroreflex param-
eters. The blood pressure is an actual blood pressure of the
patient or a surrogate of the blood pressure of the patient.

[0202] In Example 12, the subject matter of Example 11
may optionally be configured such that the baroreflex
parameter generator is further configured to generate an
amplitude of second heart sounds (S2) or a pulse transit time
(PTT) as the surrogate of the blood pressure of the patient.
[0203] InExample 13, the subject matter of any one or any
combination of Examples 9 to 12 may optionally be con-
figured such that the baroreflex parameter generator is
further configured to generate a heart sound parameter of the
one or more baroreflex parameters. The heart sound param-
eter is representative of an amplitude of a heart sound or a
time interval associated with the heart sound.

[0204] InExample 14, the subject matter of any one or any
combination of Examples 9 to 13 may optionally be con-
figured such that the baroreflex parameter generator is
further configured to generate a heart rate variability param-
eter of the one or more baroreflex parameters. The heart rate
variability parameter is a measure of heart rate variability of
the patient.

[0205] InExample 15, the subject matter of any one or any
combination of Examples 9 to 14 may optionally be con-
figured such that the baroreflex parameter generator is
further configured to generate a neural parameter of the one
or more baroreflex parameters. The neural parameter is
indicative of neural activities associated relaying informa-
tion about blood pressure of the patient.

[0206] In Example 16, a method for managing pain of a
patient is provided. The method may include: receiving and
analyzing one or more timing parameters and one or more
baroreflex parameter, and computing a pain score using an
outcome of the analysis. The one or more timing parameters
are indicative of time intervals during which the patient’s
blood pressure and cardiac interval increase simultaneously
or decrease simultaneously. The one or more baroreflex
parameters allow for determination of spontaneous barore-
flex sensitivity (BRS) of the patient during the time inter-
vals. The pain score is a function of the spontaneous BRS of
the patient during the time intervals and indicative of a
degree of pain of the patient.

[0207] In Example 17, the subject matter of Example 16
may optionally further include: delivering one or more
pain-relief therapies to the patient from a pain relief device,
and controlling the delivery of the one or more pain-relief
therapies using the pain score.

[0208] In Example 18, the subject matter of analyzing the
one or more timing parameters and the one or more barore-
flex parameters as found in any one or any combination of
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Examples 16 and 17 may optionally further include gener-
ating a BRS signal metric using the one or more timing
parameters and the one or more baroreflex parameters, and
the subject matter of computing the pain score as found in
any one or any combination of Examples 16 and 17 may
optionally further include computing the pain score using
the BRS signal metric.

[0209] In Example 19, the subject matter of generating the
BRS signal metric as found in Example 18 may optionally
further include generating the BRS signal metric using the
one or more timing parameters, the one or more baroreflex
parameters, and at least one parameter selected from a
physiological parameter indicative of a physiological func-
tion or state of the patient, a functional parameter indicative
of a physical activity or state of the patient, or a patient
parameter including subjective information provided by the
patient.

[0210] InExample 20, the subject matter of any one or any
combination of Examples 16 to 19 may optionally further
include: sensing one or more activity signals indicative of a
level of physical activity of the patient using one or more
activity sensors, and generating one or more activity param-
eters of the one or more timing parameters using the one or
more activity signals.

[0211] InExample 21, the subject matter of any one or any
combination of Examples 16 to 20 may optionally further
include: sensing one or more respiratory signals indicative
of respiratory cycles of the patient using one or more
respiratory sensors, and generating one or more respiratory
parameters of the one or more timing parameters using the
one or more respiratory signals.

[0212] InExample 22, the subject matter of any one or any
combination of Examples 16 to 21 may optionally further
include: sensing one or more baroreflex signals allowing for
the determination of the spontaneous BRS using one or more
baroreflex sensors, and generating the one or more barore-
flex parameters using the one or more baroreflex signals.
[0213] In Example 23, the subject matter of the one or
more baroreflex signals as found in Example 22 may option-
ally further include one or more of a cardiac signal indicative
of a heart rate of the patient or a blood pressure signal
indicative of a blood pressure of the patient.

[0214] In Example 24, the subject matter of the one or
more baroreflex parameters as found in Example 23 may
optionally further include a parameter indicative of one or
more of a heart rate, a change in the heart rate, a slope of
change in the heart rate, or a heart rate variability.

[0215] In Example 25, the subject matter of the one or
more baroreflex parameters as found in Example 23 may
optionally further include a blood pressure parameter, a
change in the blood pressure parameter, a slope of the
change in the blood pressure parameter, or a measure of a
neural activity driven by the blood pressure or the change in
the blood pressure, the blood pressure parameter indicative
of the blood pressure of the patient.

CONCLUSION

[0216] 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 providing a patient with pain manage-
ment, the system comprising:

a pain monitoring circuit including:

parameter analyzer circuitry configured to receive and
analyze one or more timing parameters and one or
more baroreflex parameters allowing for determina-
tion of baroreflex sensitivity (BRS) of the patient, the
one or more timing parameters indicative of time
intervals during which values of the one or more
baroreflex parameters are used to determine the
BRS; and

pain score generator circuitry configured to compute a
pain score using an outcome of the analysis, the pain
score being a function of the BRS during the time
intervals and indicative of a degree of pain of the
patient.

2. The system of claim 1, further comprising:

a pain relief device configured to deliver one or more

pain-relief therapies to the patient; and

a control circuit configured to control the delivery of the

one or more pain-relief therapies using the computed
pain score.

3. The system of claim 1. wherein the parameter analyzer
circuitry is further configured to generate a BRS signal
metric using the one or more timing parameters and the one
or more baroreflex parameters, and the pain score generator
circuitry is further configured to compute the pain score
using the BRS signal metric.

4. The system of claim 1, wherein the pain monitoring
circuit further comprises:

one or more baroreflex sensors configured to sense one or

more baroreflex signals allowing for the determination
of the spontaneous BRS; and

a parameter generator configured to generate the one or

more baroreflex parameters using the one or more
timing parameters and the one or more baroreflex
signals.

5. The system of claim 4, wherein the parameter analyzer
circuitry is further configured to receive and analyze one or
more posture parameters of the one or more timing param-
eters and the one or more baroreflex parameter, the one or
more posture parameters indicative of a posture of the
patient, and is further configured to determine the sponta-
neous BRS of the patient as a function of the level of
physical activity of the patient.

6. The system of claim 5, wherein the one or more posture
parameters include a parameter indicative of one or more of
atype, a magnitude, a duration, a velocity, or an acceleration
of a change in the posture of the patient, and the parameter
analyzer circuitry is further configured to generate the BRS
signal metric representative of the BRS of the patient being
a function of the one or more of the type, the magnitude, the
duration, the velocity, or the acceleration of the change in the
posture of the patient.

7. The system of claim 4, wherein the parameter analyzer
circuitry is further configured to receive and analyze one or
more activity parameters of the one or more timing param-
eters and the one or more baroreflex parameter, the one or
more activity parameters indicative of a level of physical
activity of the patient, and configured to determine the
spontaneous BRS of the patient as a function of the level of
physical activity of the patient.
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8. The system of claim 4, wherein the parameter analyzer
circuitry is further configured to receive and analyze one or
more respiratory parameters of the one or more timing
parameters and the one or more baroreflex parameter, the
one or more respiratory parameters indicative of respiratory
cycles of the patient, the respiratory cycles each including an
inspiration phase and an expiration phase, and configured to
determine the spontaneous BRS of the patient using values
of the one or more baroreflex parameters during one or more
of inspiration phases or expiration phases of the respiratory
cycles of the patient.
9. The system of claim 4, wherein the one or more
baroreflex sensors are further configured to sense at least a
cardiac signal of the one or more baroreflex signals, the
cardiac signal indicative of cardiac electrical activities of the
patient, and the baroreflex parameter generator is further
configured to generate one or more of a heart rate, a change
in the heart rate, a slope of the change in the heart rate, or
a heart rate variability.
10. The system of claim 4, wherein the one or more
baroreflex sensors are further configured to sense at least a
blood pressure signal of the one or more baroreflex signals,
the blood pressure signal indicative of a blood pressure or
physiological activities driven by the blood pressure or a
change in the blood pressure of the patient, and the barore-
flex parameter generator is further configured to generate
one or more of a blood pressure parameter, a change in the
blood pressure parameter, a slope of the change in the blood
pressure parameter, or a measure of a neural activity driven
by the blood pressure or the change in the blood pressure, the
blood pressure parameter being an actual blood pressure or
a surrogate of the blood pressure of the patient.
11. A method for managing pain of a patient, comprising:
receiving and analyzing one or more timing parameters
and one or more baroreflex parameters allowing for
determination of baroreflex sensitivity (BRS) of the
patient, the one or more timing parameters indicative of
time intervals during which values of the one or more
baroflex parameters are used to determine the BRS; and

computing a pain score using an outcome of the analysis,
the pain score being a function of the BRS during the
time intervals and indicative of a degree of pain of the
patient.

12. The method of claim 11, further comprising:

delivering one or more pain-relief therapies to the patient

from a pain relief device; and

controlling the delivery of the one or more pain-relief

therapies using the pain score.

13. The method of claim 11, wherein analyzing the one or
more timing parameters and the one or more baroreflex
parameters comprises generating a BRS signal metric using

Apr. 26,2018

the one or more timing parameters and the one or more
baroreflex parameters, and computing the pain score com-
prises computing the pain score using the BRS signal metric.
14. The method of claim 11, further comprising;
sensing one or more posture signals indicative of a
posture of the patient using one or more activity
sensors; and
generating one or more posture parameters of the one or
more timing parameters using the one or more posture
signals.
15. The method of claim 11, further comprising;
sensing one or more activity signals indicative of a level
of physical activity of the patient using one or more
activity sensors; and
generating one or more activity parameters of the one or
more timing parameters using the one or more activity
signals.
16. The method of claim 11, further comprising:
sensing one or more respiratory signals indicative of
respiratory cycles of the patient using one or more
respiratory sensors; and

generating one or more respiratory parameters of the one
or more timing parameters using the one or more
respiratory signals.

17. The method of claim 11, further comprising;

sensing one or more baroreflex signals allowing for the
determination of the BRS using one or more baroreflex
sensors; and

generating the one or more baroreflex parameters using
the one or more baroreflex signals.

18. The method of claim 17, wherein sensing the one or
more baroreflex signals comprises sensing one or more of a
cardiac signal indicative of a heart rate of the patient or a
blood pressure signal indicative of a blood pressure of the
patient.

19. The method of claim 18, wherein generating the one
or more baroreflex parameters comprises generating a
parameter indicative of one or more of a heart rate, a change
in the heart rate, a slope of change in the heart rate, or a heart
rate variability.

20. The method of claim 18, wherein generating the one
or more baroreflex parameters comprises generating a blood
pressure parameter, a change in the blood pressure param-
eter, a slope of the change in the blood pressure parameter,
or ameasure of a neural activity driven by the blood pressure
or the change in the blood pressure, the blood pressure
parameter indicative of the blood pressure of the patient.
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