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The cardiac signal indicates sensed
cardiac electrical activities and/or
cardiac stimulation pulse deliveries.
The neural signal indicates sensed

neural electrical activities and/or
neural stimulation pulse deliveries.
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SYSTEM FOR SIMULTANEOUSLY PRESENTING CARDIAC AND
NEURAL SIGNALS

CLAIM OF PRIORITY
Benefit of priority is hereby claimed to U.S. Patent Application Serial

Number 11/114,246, filed on April 25, 2005, which application is herein

incorporated by reference.

CROSS-REFERENCE TO RELATED APPLICATIONS
This application is related to co-pending, commonly assigned, U.S.
Patent Application No. 11/113,773, entitled “SYSTEM TO PROVIDE
NEURAL MARKERS FOR SENSED NEURAL ACTIVITY,” filed on April
25, 2005, which is hereby incorporated by reference in its entirety.

FIELD OF THE INVENTION
This document generally relates to medical devices and particularly to a
cardiac and neural stimulation system including a user interface that

simultaneously presents cardiac and neural signals.

BACKGROUND

The heart is the center of a person’s circulatory system. The left portions
of the heart draw oxygenated blood from the lungs and pump it to the organs of
the body to provide the organs with their metabolic needs for oxygen. The right
portions of the heart draw deoxygenated blood from the body organs and pump it
to the lungs where the blood gets oxygenated. These pumping functions are
accomplished by cyclic contractions of the myocardium (heart muscles). Ina
normal heart, the sinoatrial node generates electrical impulses called action
potentials. The electrical impulses propagate through an electrical conduction
system to various regions of the heart to excite the myocardial tissue of these
regions. Coordinated delays in the propagations of the action potentials in a
normal electrical conduction system cause the various portions of the heart to
contract in synchrony to result in efficient pumping functions indicated by a
normal hemodynamic performance. A blocked or otherwise abnormal electrical

conduction system and/or deteriorated myocardial tissue result in an impaired
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hemodynamic performance, including a diminished blood supply to the heart and
the rest of the body.

The hemodynamic performance is modulated by neural signals in
portions of the autonomic nervous system. For example, the myocardium is
innervated with sympathetic and parasympathetic nerves. Activities in these
nerves, including artificially applied electrical stimuli, modulate cardiac
functions and hemodynamic performance. Direct electrical stimulation of
parasympathetic nerves can activate the baroreflex, inducing a reduction of
sympathetic nerve activity and reducing blood pressure by decreasing vascular
resistance. Sympathetic inhibition, as well as parasympathetic activation, has
been associated with reduced arrhythmia vulnerability following a myocardial
infarction, presumably by increasing collateral perfusion of the acutely ischemic
myocardium and decreasing myocardial damage. Modulation of the sympathetic
and parasympathetic nervous system with neural stimulation has been shown to
have positive clinical benefits, such as protecting the myocardium from further
remodeling and predisposition to fatal arrhythmias following a myocardial
infarction.

The effects of a neural stimulation therapy in cardiac functions and
hemodynamic performance are indicated by cardiac signals indicative of the
cardiac functions and hemodynamic performance. Thus, to guide the neural
stimulation therapy, there is a need to provide a means for observing and
analyzing the effects of neural events including intrinsic neural activities and
artificial neural stimuli in the cardiac signals. Additionally, electrical
stimulation therapies delivered to the heart, such as pacing and defibrillation
therapies, have been developed and applied to treat various cardiac disorders
including arrhythmias and heart failure and to control myocardial remodeling.
When combined cardiac and neural stimulation therapies are applied, there is a
need to provide a means for observing and analyzing the effects of both therapies

in cardiac and/or neural signals.

SUMMARY
A presentation device such as a display screen or a printer provides for
simultaneous presentation of temporally aligned cardiac and neural signals. At

least one cardiac signal in the form of a cardiac signal trace or cardiac event
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markers and at least one neural signal in the form of a neural signal trace or
neural event markers are simultaneously presented. The cardiac signal indicates
sensed cardiac electrical activities and/or cardiac stimulation pulse deliveries.
The neural signal indicates sensed neural electrical activities and/or neural
stimulation pulse deliveries.

In one embodiment, a system communicating with one or more
implantable medical devices includes a telemetry circuit, an external control
circuit, and a presentation device. The telemetry circuit receives data
representative of cardiac and neural activities from the one or more implantable
medical devices. The external control circuit includes a presentation controller
that produces and temporally aligns one or more cardiac signals and one or more
neural signals for visual presentation based on the received data. The
presentation device simultaneously presents the temporally aligned one or more
cardiac signals and one or more neural signals.

In one embodiment, a medical device system includes an implantable
system and an external system. The implantable system includes a cardiac
sensing circuit, a cardiac stimulation circuit, a neural sensing circuit, a neural
stimulation circuit, an implant control circuit, and an implant telemetry circuit.
The cardiac sensing circuit senses at least one cardiac signal indicative of cardiac
electrical activities. The cardiac stimulation circuit delivers cardiac stimulation
pulses. The neural sensing circuit senses at least one neural signal indicative of
neural electrical activities. The neural stimulation circuit delivers neural
stimulation pulses. The implant control circuit produces data representative of
the cardiac electrical activities, the delivered cardiac stimulation pulses, the
neural electrical activities, and the delivered neural stimulation pulses. The
implant telemetry circuit transmits the data. The external system is
communicatively coupled to the implant system via telemetry and includes an
external telemetry circuit, an external control circuit, and a presentation device.
The external telemetry circuit receives the data transmitted from the implant
telemetry circuit. The external control circuit includes a presentation controller
that produces and temporally aligns one or more cardiac signals and one or more
neural signals. The one or more cardiac signals represent at least one of the
cardiac electrical activities and the delivered cardiac stimulation pulses. The one

or more neural signals represent at least one of the neural electrical activities and
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the delivered neural stimulation pulses. The presentation device simultaneously
presents the temporally aligned one or more cardiac signals and one or more
neural signals.

In one embodiment, a method for presenting cardiac and neural activities
is provided. Data representative of cardiac and neural activities are received
from one or more implantable medical devices. Cardiac and neural signals are
produced for presentation based in the received data. The cardiac and neural
signals are temporally aligned. The temporally aligned cardiac and neural
signals are presented.

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 invention
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.
The scope of the present invention is defined by the appended claims and their

legal equivalents.

BRIEF DESCRIPTION OF THE DRAWINGS

In the drawings, which are not necessarily drawn to scale, like numerals
describe similar components throughout the several views. The drawings
illustrate generally, by way of example, various embodiments discussed in the
present document.

FIG. 1 is an illustration of an embodiment of a cardiac and neural
stimulation system including an implantable system and an external system and
portions of an environment in which the cardiac and neural stimulation system is
used.

FIG. 2 is a block diagram illustrating an embodiment of a circuit of the
implantable system.

FIG. 3 is a block diagram illustrating an embodiment of a signal
processing circuit of the cardiac and neural stimulation system.

FIG. 4 is a block diagram illustrating an embodiment of a user interface

of the cardiac and neural stimulation system.
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FIG. 5 is a flow chart illustrating an embodiment of a method for
simultaneously presenting cardiac and neural signals.

FIGS. 6A-E are each an illustration of an exemplary embodiment of a
display window presenting at least a cardiac signal trace and neural event
markers.

FIGS. 7A-C are each an illustration of an exemplary embodiment of a
display window presenting at least a neural signal trace and cardiac event
markers.

FIG. 8 is an illustration of an exemplary embodiment of a display
window presenting at least a cardiac signal trace and a neural signal trace.

FIG. 9 is an illustration of an exemplary embodiment of a display
window presenting at least cardiac event markers and neural event markers.

FIG. 10 is an illustration of an exemplary embodiment of a display
window presenting physiologic parameters in addition to the cardiac and neural
signals.

FIGS. 11A and 11B are illustrations of neural mechanisms for peripheral
vascular control.

FIGS. 12A-C are illustration of a heart.

FIG. 13 is an illustration of baroreceptors and afferent nerves in the area
of the carotid sinuses and aortic arch.

FIG. 14 is an illustration of baroreceptors in and around the pulmonary
artery.

FIG. 15 is an illustration of baroreceptor fields in the aortic arch, the
ligamentum arteriosum and the trunk of the pulmonary artery.

FIG. 16 is an illustration of an example of a neural response after
perturbing a physiologic system.

FIG. 17 is an illustration of a specific embodiment of the cardiac and
neural stimulation system.

FIG. 18 is an illustration of another specific embodiment of the cardiac
and neural stimulation system.

FIG. 19 is a block diagram illustrating an embodiment of a circuit of the
cardiac and neural stimulation system that provides for the simultaneous

presentation of cardiac and neural signals.
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FIG. 20 is a block diagram illustrating a specific embodiment of the

external system.

DETAILED DESCRIPTION

In the following detailed description, reference is made to the
accompanying drawings which form a part hereof, and in which is shown by
way of illustration specific 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 combined, 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. The following detailed
description provides examples, and the scope of the present invention is defined
by the appended claims and their legal equivalents.

29 ¢¢

It should be noted that references to “an”, “one”, or “various”
embodiments in this disclosure are not necessarily to the same embodiment, and
such references contemplate more than one embodiment.

This document discusses a cardiac and neural stimulation system that
includes a presentation device such as a display screen or a printer for
simultaneously presenting cardiac and neural signals. The cardiac and neural
signals are temporally aligned by the time at which they are sensed. The
presentation device presents at least a cardiac signal trace or cardiac event
markers and at least a neural signal trace or neural event markers. The cardiac
signal indicates sensed cardiac electrical events and deliveries of cardiac
electrical stimulation pulses such as pacing or defibrillation pulses. The neural
signal indicates sensed neural electrical events and deliveries of neural electrical
stimulation pulses. The simultaneous presentation of the temporally aligned
cardiac and neural signals allows for observation of analysis of relationships
between cardiac events and neural events, such as effects of neural stimulation in
neural electrical activities and cardiac rhythms.

FIG. 1 is an illustration of an embodiment of a cardiac and neural
stimulation system 100 and portions of an environment in which system 100 is
used. System 100 includes an implantable system 110, an external system 120,

and a telemetry link 115.
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Implantable system 110 includes one or more implantable medical
devices. After being implanted in a patient’s body 101, implantable system 110
senses cardiac and neural signals and delivers electrical stimulation pulses to the
heart and/or one or more nerves that regulate cardiac functions and
hemodynamic performance. Implantable system 110 produces data
representative of cardiac and neural activities and transmits the data to external
system 120. The data representative of cardiac activities include one or more
sensed cardiac signals, such as electrograms, and/or cardiac event markers
representative of detected cardiac events such as detected depolarizations and
cardiac stimulation pulse deliveries. The data representative of neural activities
include one or more sensed neural signals and/or neural event markers
representative of detected neural events and neural stimulation pulse deliveries.

External system 120 receives and processes the data transmitted from
implantable system 110 and controls the operation of implantable system 110.
In the illustrated embodiment, external system 120 includes an external
telemetry circuit 122, an external control circuit 124, and a presentation device
126. Telemetry circuit 122 receives the data representative of the cardiac and
neural activities from implantable system 110. External control circuit 124
processes the data received by telemetry circuit 122 and includes a presentation
controller 128. Presentation controller 128 produces and temporally aligns
selected type cardiac and neural signals for visual presentation. Such signals for
visual presentation include one or more types of signal traces and one or more
types of event markers. Presentation device 126 simultaneously presents the
temporally aligned selected type cardiac and neural signals. In one embodiment,
external control circuit 124 further produces physiologic parameters or signals
based on the data representative of the cardiac and neural activities. Such
physiologic parameters or signals indicate cardiac and/or hemodynamic response
to cardiac and/or neural stimulation. Presentation device 126 further presents
one or more selected type physiologic parameters or signals simultaneously with
the temporally aligned selected type cardiac and neural signals.

Telemetry link 115 provides for communication between implantable
system 110 and external system 120. In one embodiment, telemetry link 115 is
an inductive telemetry link. In an alternative embodiment, telemetry link 115 is

a far-field radio-frequency telemetry link. The communication includes data
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transmission from implantable system 110 to external system 120, including, for
example, transmitting the data representative of the cardiac and neural activities
in real time, extracting the data representative of the cardiac and neural activities
stored in implantable system 110, and extracting data indicating an operational
status of implantable system 110 (e.g., battery status and lead impedance). The
communication also includes data transmission from external system 120 to
implantable system 110, including, for example, programming implantable
system 110 to produce the data representative of the cardiac and neural activities,
programming implantable system 110 to perform at least one self-diagnostic test
(such as for a device operational status), and programming implantable system
110 to deliver at least one of the cardiac and neural stimulation therapies.

FIG. 2 is a block diagram illustrating an embodiment of a circuit of
implantable system 210, which is a specific embodiment of implantable system
110. In various embodiments, the circuit is included on a single implantable
device or distributed in two or more implantable devices, as further discussed
below with reference to FIGS. 17 and 18. Implantable system 210 includes one
or more cardiac leads 230, a cardiac sensing circuit 232, a cardiac stimulation
circuit 234, one or more neural leads 236, a neural sensing circuit 238, a neural
stimulation circuit 240, an implant control circuit 242, and an implant telemetry
circuit 244,

Cardiac lead(s) 230 are cardiac sensing/stimulation leads each including
one or more endocardial or epicardial electrodes for sensing one or more cardiac
signals indicative of cardiac electrical activities and/or delivering cardiac
stimulation pulses. Examples of such cardiac leads include pacing and
defibrillation leads each include at least one electrode for sensing an
electrogram. In various embodiments, electrodes are configured to be placed in,
near, or over the right atrium (RA), left atrium (LA), right ventricle (RV), and/or
left ventricle (L'V) to sense electrograms indicative of depolarizations in these
chambers. Cardiac sensing circuit 232 senses one or more cardiac signals
through cardiac lead(s) 230. Cardiac stimulation circuit 234 delivers cardiac
stimulation pulses through cardiac lead(s) 230.

Neural lead(s) 236 are neural sensing/stimulation leads each including
one or more electrodes for sensing one or more neural signals indicative of

neural electrical activities and/or delivering neural stimulation pulses. Examples
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of such neural leads include an expandable stimulation lead having an electrode
for placement in a pulmonary artery in a proximity of a high concentration of
baroreceptors, a transvascular lead having an electrode for placement proximal
to one of the cardiac fat pads, an epicardial lead having an electrode for
placement in the cardiac fat pad, a lead having a cuff electrode for placement
around an aortic, carotid, or vagus nerve, and an intravascularly fed lead having
an electrode for placement proximal to the aortic, carotid, or vagus nerve for
transvascularly stimulating that nerve. Neural sensing circuit 238 senses one or
more neural signals through neural lead(s) 236. Neural stimulation circuit 240
delivers neural stimulation pulses through neural lead(s) 236.

Implant control circuit 242 controls the operation of implantable system
210 and produces the data representative of the cardiac and neural activities,
including the one or more sensed cardiac signals, the delivered cardiac
stimulation pulses, the one or more sensed neural signals, and the delivered
neural stimulation pulses. Implant telemetry circuit 244 transmit the data to
external system 120 via telemetry link 115. In one embodiment, implant control
circuit 242 time stamps the cardiac and neural activities, including the one or
more sensed cardiac signals, the delivered cardiac stimulation pulses, the one or
more sensed neural signals, and the delivered neural stimulation pulses. The
data representative of the cardiac and neural activities are then transmitted over
telemetry link serially or by multiplexing. External system 120 reconstructs the
sequence and timing of the cardiac and neural activities using the time stamps to
provide for the presentation of the temporally aligned cardiac and neural signals.
In one embodiment, implant control circuit 242 time stamps each of
predetermined type events selected from the detected cardiac events, detected
neural events, delivered cardiac stimulation pulses, and delivered neural
stimulation pulses. In another embodiment, implant control circuit 242 stamps
the start and end times for each of the predetermined type events. In another
embodiment, implant control circuit 242 stamps the start time and the duration
for each of the predetermined type events. In an alternative embodiment,
implant control circuit 242 produces periodic timing interval markers to provide
for a common timing reference for all the cardiac and neural activities.

FIG. 3 is a block diagram illustrating an embodiment of a signal
processing circuit 346 of system 100. Signal processing circuit 346 produces the

9
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signals for visual presentation by presentation device 126. Signal processing
circuit 346 includes a cardiac marker generator 348, a neural marker generator
350, a physiologic parameter generator 352, a storage device 354, and a
presentation controller 356. In various embodiments, signal processing circuit
346 is distributed as part of implant control circuit 242 and external control
circuit 124, as further discussed below with reference to FIG. 19.

Cardiac marker generator 348 produces cardiac event markers indicative
of predetermined type cardiac events. The cardiac event markers include cardiac
stimulation markers each indicative of a delivery of a cardiac stimulation pulse
and cardiac sense markers each indicative of an intrinsic cardiac electrical event.
Each cardiac event marker is a distinctive symbol associated of a particular type
cardiac event and is time stamped, using timing information provided by cardiac
sensing circuit 232, to indicate the time of occurrence or detection of that cardiac
event.

Neural marker generator 350 produces neural event markers indicative of
predetermined type neural events. The neural event markers include neural
stimulation markers each indicative of a delivery of a neural stimulation pulse
and neural sense markers each indicative of an intrinsic neural electrical event.
Each neural event marker is a distinctive symbol indicative of a particular type
neural event and is time stamped, using timing information provided by neural
sensing circuit 238, to indicate the time of occurrence or detection of that neural
event. In one embodiment, the neural stimulation markers include markers each
representative of a neural stimulation period during which a burst of the neural
stimulation pulses is delivered.

Physiologic parameter generator 352 derives one or more physiologic
parameters from the data representative of the cardiac and neural activities. In
one embodiment, physiologic parameter generator 352 includes a heart rate
generator to dynamically measure a heart rate. In a further embodiment,
physiologic parameter generator 352 produces a heart rate signal that represents
the measured heart rate and shows change in the heart rate over time. In another
embodiment, physiologic parameter generator 352 includes a heart rate
variability (HRV) generator to dynamically calculate an HRV parameter based
on the measured heart rate. In a further embodiment, physiologic parameter
generator 352 produces an HRV signal to represent the calculated HRV

10
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parameter and shows change in the HRV over time. In another embodiment,
physiologic parameter generator 352 includes a cardiac interval generator to
dynamically measure a predetermined type cardiac interval. Examples of such
cardiac interval include cardiac cycle length, atrioventricular interval (AVI), and
interventricular interval (IVI). In a further embodiment, physiologic parameter
generator 352 produces a cardiac interval signal to represent the measured
cardiac interval and shows change in the cardiac interval over time. In another
embodiment, physiologic parameter generator 352 includes an amplitude
generator to dynamically measure an amplitude associated with a predetermined
type cardiac event. In a further embodiment, physiologic parameter generator
352 produces an amplitude signal to represent the measured amplitude of the
predetermined type cardiac event and shows change in that amplitude over time.
In another embodiment, physiologic parameter generator 352 includes a duration
generator to dynamically measure a duration associated with a predetermined
type cardiac event. Examples of such cardiac events include P-wave, R-wave,
and T-wave. In a further embodiment, physiologic parameter generator 352
produces a duration signal to represent the measured duration of the
predetermined type cardiac event and shows change in that duration over time.

Storage device 354 stores data representing some or all of the sensed
cardiac and neural signals, the cardiac and neural event markers, and the
physiologic parameters and/or signals. When needed, storage device 354 allows
for diagnosis or therapy control based on stored data.

Presentation controller 356 controls presentation device 126.
Presentation controller 356 includes a presentation input 358, an image generator
360, and an alignment module 362. Presentation input 358 receives some or all
of the sensed cardiac and neural signals, the cardiac and neural event markers,
and the physiologic parameters and/or signals. In one embodiment, presentation
input 358 receives data from implant control circuit 242 for presenting the
cardiac and neural signal in real time. In another embodiment, presentation
input 358 receives data from storage device 354 for presenting stored cardiac
and neural signals for an off-line analysis. Image generator 360 produces visual
images for the cardiac and neural signals. Alignment module 362 temporally
aligns the visual images of the cardiac and neural signals based on their timing

information (such as the time stamps) for simultaneous presentation by
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presentation device 126. In one embodiment, image generator 360 further
produces one or more visual images for the physiologic parameters or signals,
and alignment module 362 further temporally aligns the visual image(s) for the
physiologic parameters or signals with visual images of the cardiac and/or neural
signals for simultaneous presentation by presentation device 126. In one
embodiment, presentation controller 356 receives user commands and controls
the content of the presentation according to the user commands. Presentation
input 358 selectively receives data representative of the sensed cardiac and
neural signals, the cardiac and neural event markers, and the physiologic
parameters or signals according to the user command. Image generator 360
selectively produces the images for the signals according to the user commands.
Alignment module 362 temporally aligns the selectively produced images for
simultaneous presentation by presentation device 126.

FIG. 4 is a block diagram illustrating an embodiment of a user interface
478 of system 100. User interface 478 is part of external system 120 and
includes a user input 425 and presentation device 426.

User input 425 includes a plurality of user input devices to receive user
commands controlling the content and the format of the visual presentation of
the cardiac and neural signals. Examples of such user input devices include a
signal selection input device 464, a zooming input device 466, a time range input
device 468, a timing measurement input device 470, and a format input device
472. Signal selection input device 464 receives user commands controlling the
content of presentation. The user, such as a physician or other caregiver, is
allowed to select at least one type of cardiac signal and at least one type of
neural signal for simultaneous presentation by presentation device 126. In one
embodiment, the user is further allowed to select at least one type of physiologic
parameter or signal for simultaneous presentation with the cardiac and neural
signals. Examples of the signals selectable for simultaneous presentation include
the one or more cardiac signals sensed by cardiac sensing circuit 232, the one or
more neural signals sensed by neural sensing circuit 238, the cardiac event
markers produced by cardiac marker generator 348, the neural event markers
produced by neural marker generator 350, and the physiologic parameters and

signals produced by physiologic parameter generator 352.
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Zooming input device 466, time range input device 468, timing
measurement input device 470, and format input device 472 receive user
commands controlling the format of the visual presentation. Zooming input
device 466 receives a user selection of a zooming parameter controlling a
viewing size of the cardiac and neural signals. Time range input device 468
receives a user selection of a time range associated with the cardiac and neural
signals. In one embodiment, time range input device 468 further receives a user
command for moving the time range forward or backward in time. Timing
measurement input device 470 allows for user-controllable measurement of a
time interval between any two points in the cardiac and neural signals. In one
embodiment, timing measurement input device 470 includes a caliper controller
to control a position of each of two calipers visually displayed with the cardiac
and neural signals. The calipers are user-positioned to measure the time interval
between any two points in the cardiac and neural signals. In another
embodiment, timing measurement input device 470 allows placement of a
visually displayed fixed time scale with tick markers and timing labels adjacent
to the cardiac and neural signals. In another embodiment, timing measurement
input device 470 allows display of the time stamps. In a specific embodiment,
the time stamps show absolute times or times relative to a predetermined time
reference point. In another specific embodiment, the time stamps show times
relative to predetermined type events. Format input device 472 receives a user
selection of a visual appearance for each type of the signals to be presented.
Examples of such visual appearance include color, gray scale, type of traces
(curves), and type of markers (symbols).

Presentation device 426 is a specific embodiment of presentation device
126 and simultaneously presents temporally aligned cardiac and neural signals.
In one embodiment, presentation device 426 further presents one or more
physiologic parameters or signals simultaneously with the temporally aligned
cardiac and neural signals. In one embodiment, presentation device 426 includes
a display screen 474, which includes a display area or window for presenting the
cardiac and neural signals and/or the physiologic parameters or signals. In
another embodiment, presentation device 426 further includes a printer 476. In

one specific embodiment, printer 476 starts printing the signals being displayed
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on display screen 474 on a strip chart upon receiving a user command and stops
printing upon receiving another user command.

FIG. 5 is a flow chart illustrating an embodiment of a method for
simultaneously presenting cardiac and neural signals. In one embodiment, the
method is performed using system 100.

Data representative of cardiac and neural activities are received from one
or more implantable medical devices at 500. In one embodiment, the data
includes timing information indicative times of occurrence for the cardiac and
neural activities. In one embodiment, the data represent one or more cardiac
signals and one or more neural signals sensed by the one or more implantable
medical devices. In another embodiment, the data also represent cardiac event
markers representative of cardiac events and/or neural event markers
representative of neural events.

Cardiac and neural signals are produced for visual presentation based on
the received data at 510. In one embodiment, one or more user commands are
received, and cardiac and neural signals are produced according to a user
command specifying the types and/or the format of the signals for visual
presentation. In one embodiment, a subset of the data representative of cardiac
and neural signals associated with a specified period of time is selected
according to the user commands specifying that period.

The cardiac and neural signals are temporally aligned at 520. In one
embodiment, the cardiac and neural signals are temporally aligned using the
timing information received at 500. The temporally aligned cardiac and neural
signals are then presented at 530. In one embodiment, the temporally aligned
cardiac and neural signals are presented in real time. In another embodiment, the
temporally aligned cardiac-and neural signals are stored and presented upon
receiving a presentation request. The presented cardiac signal(s) include at least
one cardiac signal trace and cardiac event markers. The presented neural
signal(s) include at least one neural signal trace and neural event markers. The
neural event markers include markers indicative of neural stimulation periods
each including a time period during which a burst of neural stimulation pulses is
delivered. In one embodiment, cardiac event markers, at least one neural signal
trace, and neural event markers indicative of the neural stimulation periods are

simultaneously displayed. In another embodiment, at least one cardiac signal
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trace and neural event markers indicative of the neural stimulation periods are
simultaneously displayed. In one embodiment, one or more physiologic
parameters are measured using the data received from the one or more
implantable medical devices and simultaneously displayed with the cardiac
and/or neural signals.

FIGS. 6-10 illustrate various examples of signal presentation according
to the present subject matter. These examples are presented for the purpose of
illustration but not restriction. According to the present subject matter, both
cardiac and neural signals are temporally aligned and simultaneously presented.
When available and desirable, one or more physiologic parameters or signals are
simultaneously presented with the cardiac and neural signals. Examples of the
cardiac signal(s) to be presented include at least one cardiac signal trace and
cardiac event markers. The cardiac signal trace is a visual representation of a
sensed cardiac signal. The cardiac event markers, or cardiac markers, each
present a cardiac event detected from the sensed cardiac signal or a delivery of
cardiac stimulation pulse. Examples of the neural signal(s) to be presented
include at least one neural signal trace and neural event markers. The neural
signal trace is a visual representation of a sensed neural signal. The neural event
markers, or neural markers, each present a neural event detected from the sensed
neural signal or a delivery of neural stimulation pulse or a neural stimulation
period during which a burst of neural stimulation pulses is delivered. In various
embodiments, the cardiac and neural markers also include event time
information, i.e., the times of occurrence for the events represented by the
cardiac and neural markers. In FIGS. 6-10, various specific combinations of
signals for simultaneous presentation are illustrated. Other specific
combinations are possible, depending on which signals are available for
presentation and of interest, as those skilled in the art will understand upon
reading and understanding this document. In various embodiments, the specific
combination of signals for simultaneous presentation is user-selectable. That is,
a physician or other caregiver is allowed to select the types of signals to be
simultaneously displayed according to specific diagnostic and/or therapeutic
needs. As illustrated in FIGS. 6-10, the presentation device presents the signals

on a display screen or a display window being part of the display screen. In
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various embodiments, the presentation device further includes a printer to print
the signals on paper.

FIGS. 6A-E are each an illustration of an exemplary embodiment of a
portion of a display screen simultaneously presenting at least a cardiac signal
trace and neural event markers. In FIG. 6A, a display window 600A
simultaneously displays a cardiac signal trace 602 and neural event markers 604.
Cardiac signal trace 602 represents a sensed cardiac signal indicative of cardiac
depolarizations 603. As illustrated, neural event markers 604 include
rectangular bars each indicative of a neural stimulation period during which a
burst of neural stimulation pulses is delivered. In FIG. 6B, a display window
600B simultaneously displays cardiac signal trace 602 and neural event markers
606. As illustrated, neural event markers 606 include symbols each
representative of a neural stimulation pulse. In FIG. 6C, a display window 600C
simultaneously displays cardiac signal trace 602 and neural event markers 608
and 609. Neural event markers 608 are columns each indicative of a neural
stimulation period during which a burst of neural stimulation pulses is delivered.
Neural event markers 609 are columns each indicative of a non-stimulation
period during which no neural stimulation pulse is delivered. In one
embodiment, neural event markers 608 and 609 are displayed in substantially
distinctive colors. In another embodiment, neural event markers 608 and 609 are
displayed in substantially distinctive gray scales. In another embodiment, neural
event markers 608 and 609 displayed with substantially distinctive filling
patterns. Neural event markers 606 in FIG. 6B and neural event markers 608
and 609 in FIG. 6C represent exemplary alternatives to neural event markers 604
in FIG. 6A. Any of these types of neural event markers, as well as other
symbols having similar visual effects, can be used to indicate the neural
stimulation periods. In FIG. 6D, a display window 600D simultaneously
displays cardiac signal trace 602, cardiac event markers 610, and neural event
markers 604. As illustrated, cardiac event markers 610 include cardiac sense
markers each representing one of cardiac depolarizations 603. When cardiac
stimulation is delivered, cardiac event markers 610 also include cardiac
stimulation markers each representing a delivery of cardiac stimulation pulse. In

FIG. 6E, a display window 600E simultaneously displays cardiac signal trace
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602, a neural signal trace 612, and neural event markers 604. Neural signal trace
612 represents a sensed neural signal.

FIG. 7A-C are each an illustration of an exemplary embodiment of a
portion of a display screen simultaneously presenting at least a neural signal
trace and cardiac event markers. In FIG. 7A, a display window 700A
simultaneously displays cardiac event markers 610 and neural signal trace 612.
In FIG. 7B, a display window 700B simultaneously displays cardiac event
markers 610, neural signal trace 612, and neural event markers 604. In FIG. 7C,
a display window 700C simultaneously displays an atrial electrogram (A-EGM)
trace 701, a ventricular electrogram (V-EGM) trace 702, cardiac event markers
710, neural signal 612, and neural event markers 604. As illustrated, both
cardiac and neural stimulation are applied. A-EGM trace 701 represents a
sensed atrial electrogram indicative of atrial depolarizations (P waves). V-EGM
trace 702 represents a sensed ventricular electrogram indicative of ventricular
depolarizations (R waves) as well as ventricular pacing pulses. Cardiac event
markers 710 include cardiac events markers associated with both A-EGM trace
701 and V-EGM trace 702, such as atrial sense markers (As), ventricular sense
markers (Vs) and ventricular pace markers (Vp).

FIG. 8 is an illustration of an exemplary embodiment of a portion of a
display screen simultaneously presenting at least a cardiac signal trace and a
neural signal trace. A display window 800 simultaneously displays cardiac
signal trace 602 and neural signal trace 612.

FIG. 9 is an illustration of an exemplary embodiment of a portion of a
display screen presenting at least cardiac event markers and neural event
markers. A display window 900 simultaneously displays cardiac event markers
610 and neural event markers 604.

FIG. 10 is an illustration of an exemplary embodiment of a portion of a
display screen simultaneously presenting physiologic parameters in addition to
the cardiac and neural signals. In FIG. 10, a display window 1000
simultaneously displays a cardiac signal trace 1002, neural event markers 1004,
and a physiologic parameter trace 1014. Cardiac signal trace 1002 represents a
sensed cardiac signal. Neural event markers 1004 include rectangular bars each
indicative of a neural stimulation period during which a burst of neural

stimulation pulses is delivered. Physiologic parameter trace 1014 represents a
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physiologic parameter dynamically derived from the cardiac and/or neural
signals. As illustrated in FIG. 10, physiologic parameter trace 1014 represents a
heart rate dynamically measured from cardiac signal trace 1002 and shows the
effect of neural stimulation on the heart rate.-

In various embodiments, in addition to the signal trace(s) and markers
illustrated in FIGS. 6-10, a display screen further presents text, numbers, labels,
and/or other symbols associated with the signal trace(s) and markers. In various
embodiments, a display screen further presents timing information associated
with the signal trace(s) and markers, such as a time scale and/or visually
displayed time measurement features such as those controllable by the user using
timing measurement input device 470.

The simultaneous presentation of cardiac and neural signals provides
physicians and other caregivers with a tool used to guide therapy, such as a
neural therapy, a cardiac rhythm management (CRM) therapy, or a combined
neural and CRM therapy. In various embodiments, the temporally aligned
cardiac and neural signals allow monitoring of effects of a neural stimulation
therapy in cardiac electrical activities, effects of a cardiac stimulation therapy in
neural electrical activities, and/or relations between cardiac and neural activities.
Examples of neural signals and their sensing are discussed below to illustrate
how system 100, including its various embodiments, is used.

Baroreceptors and chemoreceptors in the heart, great vessels, and lungs
transmit cardiac activity through vagal and sympathetic afferent fibers to the
central nervous system. Neural leads are used to sense neural signals indicative
of neural electrical activities. Various embodiments use a lead placed in a
baroreceptor field such as in the aorta, various embodiments use a lead placed in
an efferent nerve pathway such as a cardiac fat pad, and various embodiments
use a lead placed around a nerve trunk such as the aortic, carotid, and vagus
nerves. According to various embodiments, the targeted nerve traffic
corresponds to baroreceptors, and thus is useful to determine blood pressure.
According to various embodiments, the targeted nerve traffic to be sensed
corresponds to chemoreceptors, and thus is useful to determine blood gas
concentrations.

A brief discussion of the physiology related to baroreceptors and

chemoreceptors is provided below. This brief discussion introduces the
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autonomic nervous system, baroreflex, and chemoreceptors to provide an
understanding of placement of the electrodes (also referred to as neural traffic
sensors) of the neural leads and the neural signals sensed using these electrodes.

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

The ANS includes, but is not limited to, the sympathetic nervous system
and the parasympathetic nervous system. The sympathetic nervous system is
affiliated with stress and the “fight or flight response” to emergencies. Among
other effects, the “fight or flight response” increases blood pressure and heart
rate to increase skeletal muscle blood flow, and decreases digestion to provide
the energy for “fighting or fleeing.” The parasympathetic nervous system is
affiliated with relaxation and the “rest and digest response” which, among other
effects, decreases blood pressure and heart rate, and increases digestion to
conserve energy. The ANS maintains normal internal function and works with
the somatic nervous system.

Various embodiments of the present subject matter provide neural
stimulation to affect the heart rate, blood pressure, vasodilation and
vasoconstriction. The heart rate and force is increased when the sympathetic
nervous system is stimulated, and is decreased when the sympathetic nervous
system is inhibited (the parasympathetic nervous system is stimulated). Various
embodiments detect nerve traffic as a surrogate parameter for another
physiologic parameter, such as heart rate, blood pressure and the like. FIGS.
11A and 11B illustrate neural mechanisms for peripheral vascular control. FIG.
11A generally illustrates afferent nerves to vasomotor centers. An afferent nerve
conveys impulses toward a nerve center. A vasomotor center relates to nerves
that dilate and constrict blood vessels to control the size of the blood vessels.
FIG. 11B generally illustrates efferent nerves from vasomotor centers. An

efferent nerve conveys impulses away from a nerve center.
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Stimulating the sympathetic and parasympathetic nervous systems can
have effects other than heart rate and blood pressure. For example, stimulating
the sympathetic nervous system dilates the pupil, reduces saliva and mucus
production, relaxes the bronchial muscle, reduces the successive waves of
involuntary contraction (peristalsis) of the stomach and the motility of the
stomach, increases the conversion of glycogen to glucose by the liver, decreases
urine secretion by the kidneys, and relaxes the wall and closes the sphincter of
the bladder. Stimulating the parasympathetic nervous system and/or inhibiting
the sympathetic nervous system constricts the pupil, increases saliva and mucus
production, contracts the bronchial muscle, increases secretions and motility in
the stomach and large intestine, and increases digestion in the small intention,
increases urine secretion, and contracts the wall and relaxes the sphincter of the
bladder. The functions associated with the sympathetic and parasympathetic
nervous systems are many and can be complexly integrated with each other.
Thus, an indiscriminate stimulation of the sympathetic and/or parasympathetic
nervous systems to achieve a desired response, such as vasodilation, in one
physiological system may also result in an undesired response in other
physiological systems. Additionally, sensing of nerve traffic for use as a
surrogate parameter of a physiologic parameter can depend on a number of
physiologic parameters. Various embodiments of the present subject matter
perturb the physiological system with precisely located neural stimulation, and
monitor the nerve traffic response to the stimulation.

A pressoreceptive region or field is capable of sensing changes in
pressure, such as changes in blood pressure. Pressoreceptor regions are referred
to herein as baroreceptors, which generally include any sensors of pressure
changes. For example, baroreceptors include afferent nerves and further include
sensory nerve endings that provide baroreceptor fields that are sensitive to the
stretching of the wall that results from increased blood pressure from within, and
function as the receptor of a central reflex mechanism that tends to reduce the
pressure. Baroreflex functions as a negative feedback system, and relates to a
reflex mechanism triggered by stimulation of a baroreceptor. Increased pressure
stretches blood vessels, which in turn activates baroreceptors in the vessel walls.
Activation of baroreceptors naturally occurs through internal pressure and

stretching of the arterial wall, which excites the parasympathetic nervous system
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causing baroreflex inhibition of sympathetic nerve activity (SNA) and a
reduction in systemic arterial pressure. An increase in baroreceptor activity
induces a reduction of SNA, which reduces blood pressure by decreasing
peripheral vascular resistance. Centrally mediated reflex pathways modulate
cardiac rate, contractility and excitability. Baroreceptors and chemoreceptors in
the heart, great vessels, and lungs, transmit neural signals reflective of cardiac
activity through vagal and afferent fibers to the central nervous system. Thus,
physiologic parameters, such as systemic arterial pressure, can be determined
based on nerve traffic. Such pressure information, for example, provides useful
feedback information to guide therapy such as neural therapy or CRM therapy
such as CRT.

Baroreflex is a reflex triggered by stimulation of a baroreceptor. A
baroreceptor includes any sensor of pressure changes, such as sensory nerve
endings in the wall of the auricles of the heart, vena cava, aortic arch and carotid
sinus, that is sensitive to stretching of the wall resulting from increased pressure
from within, and that functions as the receptor of the central reflex mechanism
that tends to reduce that pressure. Afferent nerves can also be electrically
stimulated to induce a baroreflex, which inhibits the sympathetic nerve activity
and stimulates parasympathetic nerve activity. Afferent nerve trunks, such as the
vagus, aortic and carotid nerves, leading from the sensory nerve endings also
form part of a baroreflex pathway. Stimulating a baroreflex pathway and/or
baroreceptors inhibits sympathetic nerve activity, stimulates the parasympathetic
nervous system and reduces systemic arterial pressure by decreasing peripheral
vascular resistance and cardiac contractility. Baroreceptors are naturally
stimulated by internal pressure and the stretching of vessel wall (e.g. arterial
wall).

Some aspects of the present subject matter locally sense specific nerve
endings in vessel walls rather than or in addition to afferent and/or efferent nerve
trunks. For example, some embodiments sense baroreceptor sites or fields in the
pulmonary artery. Some embodiments of the present subject matter involve
sensing baroreceptor sites or nerve endings in the aorta, the chambers of the
heart, some embodiments of the present subject matter involve sensing efferent
pathways such as the fat pads of the heart, and some embodiments of the present
subject matter involve stimulating an afferent nerve trunk, such as the vagus,
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carotid and aortic nerves. Various embodiments involve combinations of
sensing nerve ending, sensing efferent nerve pathways and sensing afferent
nerve pathways. Some embodiments sense nerve trunks using a cuff electrode,
and some embodiments sense nerve trunks using an intravascular lead positioned
in a blood vessel proximate to the nerve. Examples of afferent nerve trunks
include the vagus, aortic and carotid nerves. Examples of efferent nerve trunks
include the cardiac branches off the vagus nerve. Stimulation of efferent nerves
such as these cardiac branches or the nerves in cardiac fat pads conveys nervous
impulses to an effector, and thus do not use the baroreflex negative feedback of
the central nervous system, which responds to nerve activity on afferent nerves
with nerve activity on efferent nerves. Some embodiments sense neural traffic at
any of the above-identified neural stimulation sites.

FIGS. 12A-12C illustrate a heart. As illustrated in FIG. 12A, the heart
1201 includes a superior vena cava 1202, an aortic arch 1203, and a pulmonary
artery 1204, and is useful to provide a contextual relationship with the
illustrations in FIGS. 13-15. As is discussed in more detail below, the
pulmonary artery 1204 includes baroreceptors. A lead is capable of being
intravascularly inserted through a peripheral vein and through the tricuspid valve
into the right ventricle of the heart (not expressly shown in the figure) similar to
a cardiac pacemaker lead, and continue from the right ventricle through the
pulmonary valve into the pulmonary artery. A portion of the pulmonary artery
and aorta are proximate to each other. Various embodiments sense neural
activity by the baroreceptor in the aorta using a lead intravascularly positioned in
the pulmonary artery. Some embodiments also stimulate baroreceptors in the
aorta. Aspects of the present subject matter provide a relatively noninvasive
surgical technique to implant a neural traffic sensor, with or without a
baroreceptor stimulator, intravascularly into the pulmonary artery.

FIGS. 12B-12C illustrate the right side and left side of the heart,
respectively, and further illustrate cardiac fat pads. FIG. 12B illustrates the right
atrium 1267, right ventricle 1268, sinoatrial node 1269, superior vena cava 1202,
inferior vena cava 1270, aorta 1271, right pulmonary veins 1272, and right
pulmonary artery 1273. FIG. 12B also illustrates a cardiac fat pad 1274 between
the superior vena cava and aorta. Autonomic ganglia in the cardiac fat pad 1274
are stimulated and/or nerve traffic is sensed in some embodiments using an
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electrode screwed or otherwise inserted into the fat pad, and are stimulated
and/or nerve traffic is sensed in some embodiments using an intravenously-fed
lead proximately positioned to the fat pad in a vessel such as the right pulmonary
artery or superior vena cava, for example. FIG. 12C illustrates the left atrium
1275, left ventricle 1276, right atrium 1267, right ventricle 1268, superior vena
cava 1202, inferior vena cava 1270, aorta 1271, right pulmonary veins 1272, left
pulmonary vein 1277, right pulmonary artery 1273, and coronary sinus 1278.
FIG. 12C also illustrates a cardiac fat pad 1279 located proximate to the right
cardiac veins and a cardiac fat pad 1280 located proximate to the inferior vena
cava and left atrium. Autonomic ganglia in the fat pad 1279 are stimulated
and/or nerve traffic is sensed in some embodiments using an electrode screwed
or otherwise inserted into the fat pad 1279, and are stimulated and/or nerve
traffic is sensed in some embodiments using an intravenously-fed lead
proximately positioned to the fat pad in a vessel such as the right pulmonary
'artery 1273 or right pulmonary vein 1272, for example. Autonomic ganglia in
the cardiac fat pad 1280 are stimulated and/or nerve traffic is sensed in some
embodiments using an electrode screwed or otherwise inserted into the fat pad,
and are stimulated and/or nerve traffic is sensed in some embodiments using an
intravenously-fed lead proximately positioned to the fat pad in a vessel such as
the inferior vena cava 1270 or coronary sinus or a lead in the left atrium 1275,
for example.

FIG. 13 illustrates baroreceptors in the area of the carotid sinus 1305,
aortic arch 1303 and pulmonary artery 1304. The aortic arch 1303 and
pulmonary artery 1304 were previously illustrated with respect to the heart in
FIG. 12A. Asillustrated in FIG. 13, the vagus nerve 1306 extends and provides
sensory nerve endings 1307 that function as baroreceptors in the aortic arch
1303, in the carotid sinus 1305 and in the common carotid artery 1310. The
glossopharyngeal nerve 1308 provides nerve endings 1309 that function as
baroreceptors in the carotid sinus 1305. These nerve endings 1307 and 1309, for
example, are sensitive to stretching of the wall resulting from increased pressure
from within. Activation of these nerve endings reduces pressure. Although not
illustrated in the figures, the fat pads and the atrial and ventricular chambers of
the heart also include baroreceptors. Cuffs have been placed around afferent
nerve trunks, such as the vagal nerve, leading from baroreceptors to vasomotor
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centers to stimulate the baroreflex. According to various embodiments of the
present subject matter, afferent nerve trunks can be stimulated and/or nerve
traffic from the afferent nerve trunks can be sensed using a cuff or
intravascularly-fed lead positioned in a blood vessel proximate to the afferent
nerves.

FIG. 14 illustrates baroreceptors in and around a pulmonary artery 1404.
The superior vena cava 1402 and the aortic arch 1403 are also illustrated. As
illustrated, the pulmonary artery 1404 includes a number of baroreceptors 1411,
as generally indicated by the dark area. Furthermore, a cluster of closely spaced
baroreceptors is situated near the attachment of the ligamentum arteriosum 1412.
FIG. 14 also illustrates the right ventricle 1413 of the heart, and the pulmonary
valve 1414 separating the right ventricle 1413 from the pulmonary artery 1404.
According to various embodiments of the present subject matter, a lead is
inserted through a peripheral vein and threaded through the tricuspid valve into
the right ventricle, and from the right ventricle 1413 through the pulmonary
valve 1414 and into the pulmonary artery 1404 to stimulate baroreceptors and/or
sense nerve traffic from the baroreceptors in and/or around the pulmonary artery.
In various embodiments, for example, the lead is positioned to stimulate the
cluster of baroreceptors and/or sense nerve traffic near the ligamentum
arteriosum 1412,

FIG. 15 illustrates baroreceptor fields 1512 in the aortic arch 1503, near
the ligamentum arteriosum and the trunk of the pulmonary artery 1504. Some
embodiments position the lead in the pulmonary artery to stimulate baroreceptor
sites and/or sense nerve traffic in the aorta and/or fat pads, such as are illustrated
in FIGS. 12B-12C.

FIG. 16 illustrates an example of a neural response after perturbing a
physiologic system. In the illustration, pressure functions as an indicator for a
physiologic system. The system is illustrated in a first low pressure condition
1615 and a second high pressure condition 1616. Nerve activity, illustrated at
1617 and 1618, changes between the two conditions. The change may be rather
transient in nature if the nervous system quickly adapts from the first to the
second condition, or may be more sustained if the nervous system does not
quickly adapt to the change in conditions. Regardless, an analysis of a sensed

nerve traffic signal can extract or otherwise determine features of the signal
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indicative of the response. In the illustrated example, the waveform 1617
associated with an integrated sympathetic nerve activity changes (e.g. change in
slope and period of waveform) from the first to the second conditions.
Additionally, the waveform 1618 associated with a mean sympathetic nerve
activity changes (e.g. a first level of nerve activity to a second level of nerve
activity) from the first to the second conditions. The integrated sympathetic
nerve activity and mean sympathetic nerve activity waveforms are provided as
examples. Other ways of sensing changes in the neural traffic signals can be
used.

Various embodiments of the present subject matter sense nerve traffic
corresponding to chemoreceptors. The carotid and aortic bodies provide a
concentration of cardiovascular chemoreceptors. The carotid body lies deep to
the bifurcation of the common carotid artery or somewhat between the two
branches. The carotid body is a small, flattened, oval structure, 2 to 5 mm in
diameter, with a characteristic structure composed of epithelioid cells, which are
in close relation to capillary sinusoids, and an abundance of nerve fibers.
Surrounding the carotid body is a delicate fibrous capsule. It is part of the
visceral afferent system of the body, containing chemoreceptor endings that
respond to low levels of oxygen in the blood or high levels of carbon dioxide
and lowered pH of the blood. It is supplied by nerve fibers from both the
glossopharyngeal and vagus nerves.

The aortic bodies (glomera aortica) are chemoreceptors similar to the
carotid bodies. Afferent fibers from the aortic bodies run in the right vagus and
have cell bodies in the inferior ganglion. The supracardial bodies (aortic
paraganglia) are also chemoreceptors with their afferent fibers in the left vagus
and cell bodies in the inferior ganglion.

In various embodiments of the present subject matter, cardiac and neural
signals are sensed, and cardiac and neural therapies are delivered, by an
implantable system. The implantable system includes an implantable device that
has integrated neural stimulation and CRM components or separate implantable
neural stimulation and CRM devices. Although implantable systems are
illustrated and discussed, various aspects and embodiments of the present subject

matter can be implemented in external devices. For example, the cardiac and
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neural events can be sensed using implantable leads, external electrodes,
percutaneous leads, or any combination of these.

FIG. 17 illustrates a cardiac and neural stimulation system 1700, which is
a specific embodiment of system 100. System 1700 includes an implantable
system 1710 and an external system 1720. Implantable system 1710 is a specific
embodiment of implantable system 110 and includes an implantable medical
device (IMD) 1780. External system 1720 and IMD 1780 communicates via
telemetry link 115. In one embodiment, system 1700 provides for the
simultaneous presentation of temporally aligned cardiac and neural signals, and
external system 1720 includes presentation device 126 including its specific
embodiments.

In various embodiments, IMD 1780 integrates a CRM device with a
neural sensing and/or stimulation device. The CRM device senses cardiac
electrical activities and delivers cardiac stimulation. Examples of the CRM
device include pacemakers, cardioverter/defibrillators, combined pacemaker-
cardioverter/defibrillators, cardiac resynchronization therapy (CRT) devices, and
cardiac remodeling control therapy (RCT) devices. In various embodiments,
neural activities are sensed to indicate a need for cardiac stimulation and/or to
control the timing of pacing pulse deliveries. In various embodiments, cardiac
activities are sensed to control the timing of neural stimulation pulse deliveries,
such as to synchronize neural stimulation to cardiac cycles.

In various embodiments, IMD 1780 includes a sensor to sense ANS
activity. In one specific embodiment, the sensed ANS activity provides nerve
traffic feedback in a closed loop control system. In various embodiments,
surrogate parameters, such as respiration and blood pressure, are sensed to
indicate ANS activity. In various embodiments, IMD 1780 delivers neural
stimulation to baroreceptors. A neural lead is fed through the right ventricle, and
further fed into the pulmonary artery to sense from and/or to deliver neural
stimulation pulses to the baroreceptor fields. In various embodiments, neural
leads provide access to baroreceptor sites and/or baroreflex pathways, such as
those illustrated in FIGS. 12A-12C, 13 and 14, for sensing and/or stimulation.

In one embodiment, implantable system 1710 has a circuit illustrated as
the circuit of implantable system 210 in FIG. 2. IMD 1780 is an integrated

CRM and neural stimulation device and includes, among other things, a cardiac
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sensing circuit, a cardiac stimulation circuit, a neural sensing circuit, and a
neural stimulation circuit.

FIG. 18 illustrates a cardiac and neural stimulation system 1800, which is
another specific embodiment of system 100. System 1800 includes an
implantable system 1810 and an external system 1820. Implantable system 1810
is a specific embodiment of implantable system 110 and includes an implantable
neural stimulator (NS) device 1882 and an implantable CRM device 1884.
External system 1820 and implantable system 1810 communicate via telemetry
link 115. In one embodiment, system 1800 provides for the simultaneous
presentation of temporally aligned cardiac and neural signals, and external
system 1820 includes presentation device 126 including its specific
embodiments.

Implantable system 1810 is functionally substantially similar to
implantable system 1710 but includes separate CRM and neural stimulation
devices. Examples of CRM device 1884 include pacemakers,
cardioverter/defibrillators, combined pacemaker-cardioverter/defibrillators,
cardiac resynchronization therapy (CRT) devices, and cardiac remodeling
control therapy (RCT) devices. NS device 1882 performs the neural sensing and
stimulation functions of IMD 1780. A communication link 1885 transmits data
representing sensed neural activities and/or neural stimulation activities from NS
device 1882 to CRM device 1884, and transmits data representing sensed cardiac
activities and/or cardiac stimulation activities from CRM device 1884 to NS
device 1882, such that implantable system 1810 can function in a manner
substantially similar to implantable system 1710. In one embodiment,
communication link 1885 includes a wireless telemetry link using radio-
frequency electromagnetic waves or ultrasonic waves as the transmission
medium. In another embodiment, communication link 1885 includes one or
more leads or cables providing for electrical connections between NS device
1882 and CRM device 1884. In one embodiment, external system 1820
communicates with both NS device 1882 and CRM device 1884 via telemetry
link 115. In another embodiment, external system 1820 communicates with one
of NS device 1882 and CRM device 1884 via telemetry link 115, and
communicates with the other device further via communication link 1885. In

one embodiment, data transmitted from NS device 1882 and CRM device 1884
27



WO 2006/115899 PCT/US2006/014535

10

15

20

25

30

representing the sensed and stimulation activities in each device are time
stamped in a synchronized manner. In a specific embodiment, NS device 1882
and CRM device 1884 exchange time synchronization information to allow use
of synchronized clocks in each of the devices for the time stamping. In another
embodiment, external system 1820 provides for the time synchronization for the
data transmitted from NS device 1882 and CRM device 1884. In a specific
embodiment, external system 1820 temporally aligns the signal frace(s) and/or
markers to be simultaneously presented by compensating for all known and/or
estimated relative time delays associated with transmitting the data from NS
device 1882 and CRM device 1884.

In one embodiment, implantable system 1810 has a circuit illustrated as
the circuit of implantable system 210 in FIG. 2. The circuit is distributed in NS
device 1882 and CRM device 1884. NS device 1882 includes, among other
things, a neural sensing circuit and a neural stimulation circuit. CRM device
1884 includes, among other things, a cardiac sensing circuit and a cardiac
stimulation circuit.

FIG. 19 is a block diagram illustrating an embodiment of a circuit that
provides for the simultaneous presentation of cardiac and neural signals. The
circuit is part of a cardiac and neural stimulation system 1900, which is a
specific embodiment of system 100. System 1900 includes an implantable
system 1910 providing for cardiac and neural sensing and stimulation and an
external system 1920.

Implantable system 1910 is a specific embodiment of implantable system
210 and includes leads 1933, a sensing circuit 1935, a stimulation circuit 1937,
an implant processing circuit 1942, and an implant telemetry circuit 1944. Leads
1933 include, but are not limited to, various combinations of leads selected from
the leads discussed in this document. Sensing circuit 1935 senses cardiac and
neural signals through leads 1933. Stimulation circuit 1937 delivers cardiac
and/or neural stimulation pulses through leads 1933. Implant processing circuit
1942, which is part of implant control circuit 242, produces data representative
of the sensed cardiac and neural signals and deliveries of the cardiac and/or
neural stimulation pulses. In one embodiment, implant processing circuit 1942
generates cardiac and neural event markers to represent cardiac and neural

events including both sensed activities and the deliveries of the cardiac and
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neural stimulation pulses. Implant telemetry circuit 1944 transmits the data to
external system 1920.

External system 1920 is a specific embodiment of external system 120
and includes an external telemetry circuit 1922, an external processing circuit
1924, and a presentation device 1926. External telemetry circuit 1922 receives
the data from implantable system 1910. External processing circuit 1924, which
is part of external control circuit 124 including presentation controller 128,
processes the received data to produce and temporally align cardiac and neural
signals for simultaneous presentation by presentation device 1926.

Implant processing circuit 1942 and external processing circuit 1924
form a signal processing circuit 1946, which produces the cardiac and neural
signals for presentation based on the sensed cardiac and neural signals. Signal
processing circuit 1946 illustrates that signal processing circuit 346 is distributed
in an implantable system and an external system according to one embodiment
of the present subject matter.

FIG. 20 is a block diagram illustrating a specific embodiment of an
external system 2020, which is a specific embodiment of external system 120,
1720, 1820, or 1920. As illustrated in FIG. 20, external system 2020 is a patient
management system including an external device 2090, a telecommunication
network 2092, and a remote device 2094. External device 2090 is placed within
the vicinity of an implantable system and includes external telemetry system 122
to communicate with the implantable system via telemetry link 115. Remote
device 2094 is in a remote location and communicates with external device 2090
through network 2092, thus allowing a physician or other caregiver to monitor
and treat a patient from a distant location and/or allowing access to various
treatment resources from the remote location. Remote device 2094 includes
presentation device 126.

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 legal equivalents to which such claims are

entitled.
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What is claimed is:
1. A system for communicating with one or more implantable medical
devices, the system comprising:

a telemetry circuit to receive data representative of cardiac and neural
activities from the one or more implantable medical devices;

an external control circuit coupled to the telemetry circuit, the external
control circuit including a presentation controller adapted to produce and
temporally align one or more cardiac signals and one or more neural signals for
visual presentation based on the received data; and

a presentation device coupled to the presentation controller, the
presentation device adapted to simultaneously present the temporally aligned one

or more cardiac signals and one or more neural signals.

2. The system according to claim 1, wherein the presentation device

comprises a display screen.

3. The system according to any of the preceding claims, wherein the

presentation device further comprises a printer.

4, The system according to any of the preceding claims, wherein the
external control circuit further comprises a physiologic parameter generator
adapted to derive one or more physiologic parameters from the received data,
and wherein the presentation device is further adapted to display the one or more
physiologic parameters simultaneously with the one or more cardiac signals and

one or more neural signals.

5. The system according to any of the preceding claims, further comprising
a user input to receive one or more user commands, and wherein the presentation
controller is adapted to produce and temporally align the one or more cardiac
signals and one or more neural signals according to the one or more user

commands.
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6. The system according to claim 5, wherein the user input comprises a time
range input device adapted to receive a user selection of a time range associated

with the one or more cardiac signals and one or more neural signals

7. The system according to any of claims 5 and 6, wherein the user input
device comprises a format input device adapted to receive a user selection of a
color or a gray scale for each signal of the one or more cardiac signals and one or

more neural signals.

8. The system according to any of the preceding claims, wherein the one or
more cardiac signals comprise one or more of at least one cardiac signal trace
representing a sensed cardiac signal and cardiac event markers each
representative of a predetermined type cardiac event, and the one or more neural
signals comprise one or more of at least one neural signal trace representing a
sensed neural signal and neural event markers each representative of a
predetermined type neural event, wherein the sensed cardiac and neural signals

are sensed by the one or more implantable medical devices.

9. The system according to claim 8, wherein the neural event markers
comprise neural event markers each indicative of a neural stimulation period

during which a burst of neural stimulation pulses is delivered.

10.  The system according to claim 9, wherein the presentation device is
adapted to present rectangular bars each indicative of the neural stimulation

period.

11.  The system according to claim 9, wherein the presentation device is
adapted to present first columns each indicative of the neural stimulation period
and second columns each indicative of a non-stimulation period during which no

neural stimulation pulse is delivered.

12.  The system according to any of claims 8 to 11, wherein the presentation
device is adapted to present the at least one cardiac signal trace and the neural
event markers simultaneously.
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13.  The system according to claim 12, wherein the presentation device is
adapted to further present the cardiac event markers simultaneously with the at

least one cardiac signal trace and the neural event markers.

14.  The system according to any of claims 12 and 13, wherein the
presentation device is adapted to further present the at least one neural signal
trace simultaneously with the at least one cardiac signal trace and the neural

event markers.

15. The system according to any of claims 8 to 11, wherein the presentation
device is adapted to present the at least one neural signal trace and the cardiac

event markers simultaneously.

16.  The system according to claim 15, wherein the presentation device is
adapted to further present the neural event markers simultaneously with the at

least one neural signal and the cardiac event markers.

17.  The system according to any of claims 15 and 16, wherein the
presentation device is adapted to further present the at least one cardiac signal
trace simultaneously with the at least one neural signal and the cardiac event

markers.

18. The system according to claim 8, wherein the presentation device is
adapted to present the at least one cardiac signal trace and the at least one neural

signal trace simultaneously.

19. The system according to any of claims 8 to 11, wherein the presentation
device is adapted to present the cardiac event markers and the neural event

markers simultaneously.

20. A system, comprising:
an implantable system including:
a cardiac sensing circuit to sense at least one cardiac signal

indicative of cardiac electrical activities;
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a cardiac stimulation circuit to deliver cardiac stimulation pulses;

aneural sensing circuit to sense at least one neural signal
indicative of neural electrical activities;

a neural stimulation circuit to deliver neural stimulation pulses;

an implant control circuit, coupled to the cardiac sensing circuit,
the cardiac stimulation circuit, the neural sensing circuit, and the neural
stimulation circuit, to produce data representative of the cardiac electrical
activities, the delivered cardiac stimulation pulses, the neural electrical
activities, and the delivered neural stimulation pulses; and

an implant telemetry circuit, coupled to the implant control
circuit, to transmit the data; and

an external system communicatively coupled to the implant system via

telemetry, the external system including;

21.

an external telemetry circuit to receive the data; and

an external control circuit coupled to the external telemetry
circuit, the external control circuit including a presentation controller
adapted to produce and temporally align one or more cardiac signals and
one or more neural signals, the one or more cardiac signals representative
of at least one of the cardiac electrical activities and the delivered cardiac
stimulation pulses, the one or more neural signals representative of at
least one of the neural electrical activities and the delivered neural
stimulation pulses; and

a presentation device coupled to the presentation controller, the
presentation device adapted to simultaneously present the temporally

aligned one or more cardiac signals and one or more neural signals.

The system according to claim 20, wherein the implantable system

comprises an implantable medical device including at least the cardiac sensing

circuit, the cardiac stimulation circuit, the neural sensing circuit, and the neural

stimulation circuit.
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22.  The system according to claim 20, wherein the implantable system
comprises:

an implantable cardiac rhythm management device including at least the
cardiac sensing circuit and the cardiac stimulation circuit; and

an implantable neural stimulation device including at least the neural

sensing circuit and the neural stimulation circuit.

23. The system according to claim 22, wherein the implantable cardiac
rhythm management device and the implantable neural stimulation device are

each communicatively coupled to the external system via telemetry.

24.  The system according to claim 22, wherein at least one of the implantable
cardiac thythm management device and the implantable neural stimulation
device is communicatively coupled to the external system via a first telemetry
link, and the implantable cardiac thythm management device is
communicatively coupled to the implantable neural stimulation device via a

second telemetry link.

25.  The system according to any of claims 20 to 24, wherein the presentation
device comprises a display screen configured to simultaneously present the
temporally aligned one or more cardiac signals and one or more neural signals,
wherein the one or more cardiac signals include one or more of at least one
cardiac signal trace and cardiac event markers representative of the cardiac
electrical activities and the delivered cardiac stimulation pulses, and the one or
more neural signals include one or more of at least one neural signal trace and
neural event markers representative of the neural electrical activities and the

delivered neural stimulation pulses.

26.  The system according to claim 25, wherein presentation controller is
adapted to produce neural event markers indicative of neural stimulation periods
each including a time period during which a burst of the neural stimulation
pulses is delivered, and the display screen is configured to simultaneously
present the one or more cardiac signals and the neural event markers indicative
of the neural stimulation periods.

34



WO 2006/115899 PCT/US2006/014535

10

15

20

25

30

27.  The system according to any of claims 25 and 26, wherein the external
system comprises a programmer adapted to program the implantable system, the

programmer including the display screen.

28.  The system according to any of claims 25 to 27, wherein the external
system comprises a patient management system including:

an external device including the external telemetry circuit;

aremote device; and

a telecommunication network to provide communication between the
external device and the remote device,

wherein the remote device comprises the display screen.

29. A method, comprising:

receiving data representative of cardiac and neural activities from one or
more implantable medical devices;

producing cardiac and neural signals for presentation based in the
received data;

aligning the cardiac and neural signals temporally; and

presenting the temporally aligned cardiac and neural signals.

30.  The method according to claim 29, further comprising:
receiving one or more user commands; and
producing cardiac and neural signals for presentation according to the

one or more user commands.

31.  The method according to claim 30, wherein receiving the one or more
user commands comprises receiving a user command selecting a subset of the
data representative of cardiac and neural activities occurring or detected during a

specified period of time.

32.  The method according to any of claims 29 to 31, further comprising:
deriving one or more physiologic parameters from the received data; and
presenting the one or more physiologic parameters simultaneously with

the temporally aligned cardiac and neural signals.
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33. The method according to claim 32, wherein deriving the one or more
physiologic parameters comprises measuring a heart rate, and presenting the one
or more physiologic parameters comprises presenting a signal trace representing

the measured heart rate.

34, The method according to claim 32, wherein deriving the one or more
physiologic parameters comprises measuring a cardiac interval being a time
interval between two predetermined type cardiac events, and presenting the one
or more physiologic parameters comprises presenting a signal trace representing

the measured cardiac interval.

35.  The method according to any of claims 29 to 34, wherein presenting the
temporally aligned cardiac and neural signals comprises presenting the

temporally aligned cardiac and neural signals in real time.

36. The method according to any of claims 29 to 35, further comprising:
storing the received data; and
receiving a presentation request,
wherein presenting the temporally aligned cardiac and neural signals
comprises presenting the temporally aligned cardiac and neural signals in

response to the presentation request.

37.  The method according to any of claims 29 to 36, wherein presenting the
temporally aligned cardiac and neural signals comprises:

displaying one or more of at least one cardiac signal trace and cardiac
event markers; and

displaying one or more of at least one neural signal trace and neural event

markers.

38.  The method according to any of claims 29 to 37, wherein presenting the
temporally aligned cardiac and neural signals comprises presenting neural event
markers indicative of neural stimulation periods each including a time period

during which a burst of neural stimulation pulses is delivered.
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39.  The method according to claim 38, wherein presenting the temporally
aligned cardiac and neural signals comprises:

displaying the cardiac event markers;

displaying the at least one neural signal; and

displaying the neural event markers including the neural event markers

indicative of the neural stimulation periods.

40. The method according to claim 38, wherein presenting the temporally
aligned cardiac and neural signals comprises:

displaying the at least one cardiac signal; and

displaying the neural event markers including the neural event markers

indicative of the neural stimulation periods.
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