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SYSTEM AND METHOD FOR WAKING AN IMPLANTABLE MEDICAL DEVICE
FROM A SLEEP STATE

TECHNICAL FIELD

[001] The present invention generally relates to implantable medical devices
and/or sensors. More particularly, embodiments of the present invention relate to
systems and methods for waking up implantable medical devices from powered off

or low power states.

BACKGROUND

[002] Implantable medical devices (“IMDs”) configured to be implanted in a
human body and to perform one or more therapeutic functions, such as drug
delivery, cardiac pacing, cardiac defibrillation, neural stimulation, and the like, are
known. Additionally, IMDs are known that can be implanted within a patient’s body
for measuring one or more physiologic parameters. For example, sensors or
transducers can be implanted in the body for monitoring a variety of properties, such
as temperature, blood pressure, strain, fluid flow, chemical properties, electrical
properties, magnetic properties, and the like. Such IMDs can be placed at various
locations throughout a person’s body, thereby providing a heterogeneous mix of
physiologic data. The IMDs making up such systems typically include components
adapted for bi-directional wireless communication, allowing the IMDs to transmit data
to and receive data from other IMDs and/or devices external to the patient.

[003] The foregoing types of IMDs used for sensing physiological parameters
are typically size and space constrained, which in turn, constrains the size and
capacity of the power supply (e.g., battery) for providing power to the various IMD
components and circuitry. Accordingly, such IMDs must be maintained in a low
power or powered off state for the majority of the time, and are ideally energized only
to perform their designated functions, after which time they must be returned to their
powered down state.

[004] Thus, a need exists for systems and methods for activating IMDs from
a low power or powered off state that require minimal power and physical space
within the IMD housing.
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SUMMARY

[005] The present invention, in one embodiment, is a method carried out by a
satellite implantable medical device for being awakened from a sleep state by a
primary implantable medical device. The satellite implantable medical device
includes a wake-up sensor, a control module, a physiologic sensor, and a
communication module. The method comprises waiting in a sleep state, and then
detecting, by the wake-up sensor, the presence of a wake-up field generated by the
primary implantable medical device. Then, responsive to the presence of the wake-
up field, the method includes causing the control module to change from the sleep
state to an active state and to cause the communications module to transmit a
measurement of at least one physiologic parameter to the primary implantable
medical device. The physiologic parameter is measured by the physiologic sensor.
[006] The present invention, in another embodiment, is a method of waking
an implantable medical device from a low-power state. The method comprises
providing a first implanted medical device including a wake-up field generator and a
first communication module, and also providing a second implanted medical device
including a battery, a wake-up sensor operable to detect the wake-up field, a
physiologic sensor, a control module, and a second communication module, with the
second implanted device initially in a low-power state. The method then includes
detecting a presence of the wake-up field. Then, the method includes, responsive to
the presence of the wake-up field, causing the control module to change from the
low-power state to an active state and to cause a measurement of at least one
physiological parameter to be transmitted to the first implanted device via the second
communication module.

[007] The present invention, in yet another embodiment, is a system for
waking up an implantable medical device from a sleep state. The system comprises
a primary implantable device including a wake-up field generator operable to
generate a wake-up field, and a first communication module. The system further
comprises a satellite implantable device including a control module and a second
communication module, wherein the control module and the second communication
module are adapted to change between a sleep state and an active state. The
satellite implantable device further includes means for detecting the wake-up field

and causing the control module to change from the sleep state to the active state.

-2-
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[008] While multiple embodiments are disclosed, still other embodiments of

the present invention will become apparent to those skilled in the art from the
following detailed description, which shows and describes illustrative embodiments
of the invention. Accordingly, the drawings and detailed description are to be

regarded as illustrative in nature and not restrictive.

BRIEF DESCRIPTION OF THE DRAWINGS

[009] Fig. 1 is a simplified depiction of a human body in which a system or
network of implantable medical devices is implanted according to one embodiment of
the present invention.

[010] Fig. 2 is a functional block diagram illustrating a primary implantable
medical device according to one embodiment of the present invention.

[011] Fig. 3 is a functional block diagram illustrating a satellite implantable
medical device according to one embodiment of the present invention.

[012] Figs. 4 and 5 are functional block diagrams illustrating primary and
satellite implantable medical devices utilizing inductive coupling to wake the satellite
implantable medical device from a sleep state, according to one embodiment of the
present invention.

[013] Fig. 6 is a flow chart illustrating an exemplary algorithm for waking up a
satellite implantable device according to one embodiment of the present invention.
[014] Figs. 7 and 8 are functional block diagrams illustrating primary and
satellite implantable medical devices according to additional embodiments of the
present invention.

[015] Fig. 9 is a flow chart illustrating an exemplary algorithm for waking up a
satellite implantable device according to another embodiment of the present
invention.

[016] While the invention is amenable to various modifications and
alternative forms, specific embodiments have been shown by way of example in the
drawings and are described in detail below. The intention, however, is not to limit
the invention to the particular embodiments described. On the contrary, the
invention is intended to cover all modifications, equivalents, and alternatives falling

within the scope of the invention as defined by the appended claims.
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DETAILED DESCRIPTION

[017] Fig. 1 illustrates a simplified human body in which a system or network
100 of implantable medical devices is implanted. As shown in Fig. 1, the system 100
includes a primary IMD 102 and at least one satellite IMD 104. Although the primary
and satellite IMDs 102, 104 are shown implanted in specific locations, in practice,
either or both of the primary and satellite IMDs 102, 104 may be implanted anywhere
in the body. The system 100 may also include an external device 106 (e.g., a
computing device and/or programming device), which may communicate with the
primary or satellite IMDs 102, 104 via communication channels 108. Although Fig. 1
illustrates a system 100 utilizing two satellite IMDs 104, those skilled in the art will
appreciate that one or more than two satellite IMDs 104 may be used within the
scope of the present invention.

[018] The satellite IMD 104 may be configured to perform one or more
designated functions, which may include taking one or more physiological
measurements and/or delivering a desired therapy. The implantation sites for the
satellite IMDs 104 are determined based on the particular therapeutic needs of the
patient. In one embodiment, the satellite IMD 104 is adapted to be implanted and to
measure blood pressure within the patient’s pulmonary artery, and to store and/or
transmit blood pressure data to the primary IMD 102, another IMD, or the external
device(s) 106. In another embodiment, the satellite IMD 104 is adapted to deliver a
desired therapy (e.g., a pacing and/or defibrillation stimulus) to the patient’s heart or
cardiovascular system.

[019] The satellite IMD 104 includes power supply components (e.g., a
battery) for providing electrical power to the various components and/or circuitry for
performing the functions described above. The satellite IMD 104 is desirably made
as small as possible, however, which constrains the space within the IMD 104 that is
available for power supply components. Such space constraints limit the capacity of
these power supply components. In an effort to maximize the longevity of the
satellite IMD 104, its power consumption is minimized, and thus, the average power
consumption of the satellite IMD 104 is desirably very low. For example, in one
embodiment, size constraints may limit the satellite IMD 104 to a 1000 microamp-
hour, non-rechargeable battery. In such a case, the average power consumption of
the satellite IMD 104 must be less than 10.0 nA to provide a 10 year longevity. In

other embodiments, the average power consumption goals may be even lower
-4-
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where, for example, the battery is significantly smaller and/or a greater longevity is

desired.

[020] In order to achieve this low power consumption, the satellite IMD 104 is
normally in a “sleep” or “sleeping” state characterized by a power consumption of
from essentially zero (i.e., a completely powered off state) to a low power state in
which only a minimal circuitry (e.g., a timer or comparator) are energized and
consuming electrical power. The satellite IMD 104, or specific aspects thereof, is

awakened (i.e., powered on) to an active state in which it can perform one or more

[ L T L

designated functions. The terms “wake,” “waking,” “wake-up,” and “awaken(ed)”
relate to the operation of powering on or energizing one or more aspects of the
satellite IMD 104 to an active state, such that the awakened portion can perform a
designated function.

[021] The satellite IMD 104 may be awakened by, for example, the primary
IMD 102 or the external device 106. As discussed in detail below in connection with
the various exemplary embodiments of the present invention, circuitry within the
satellite IMD 104 is adapted to detect a wake-up field generated by the primary IMD
102 or external device 106, and to cause the satellite IMD 104 to awake and perform
its designated functions. The satellite IMD 104 is desirably in the active state only to
the extent necessary to perform its designated diagnostic and/or therapeutic
function(s), after which time it returns to its sleep state. Additionally, in some
embodiments, to maximize satellite IMD 104 longevity, the power consumption of the
various circuitry for waking up the satellite IMD 104 is desirably less than about 10
percent of the total power consumption of the satellite IMD 104.

[022] The primary IMD 102 operates, in one embodiment, to wake the
satellite IMD 104 from the sleep state, and may further be configured to direct the
satellite IMD 104 to perform one or more designated functions. The primary IMD
102 itself may also be configured to perform therapeutic functions or to take
physiologic measurements. For example, the primary IMD 102 may, in one
embodiment, be a pulse generator for providing a cardiac pacing and/or defibrillation
stimulus. The therapeutic functions are not limited to any particular type and can
include, for example, drug delivery therapy, or any other therapy capable of being
administered with an IMD currently known or later developed. Additionally, the

primary IMD 102 may be configured to measure physiologic parameters such as
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blood pressure, temperature, blood or fluid flow, strain, electrical, chemical, or

magnetic properties within the body.

[023] It is emphasized, however, that neither the satellite IMD 104 nor the
primary IMD 102 are limited to any particular type or types of devices. To the
contrary, the satellite IMD 104 can be any IMD that is normally in a sleep state to
minimize power consumption and is awakened only as necessary to perform a
desired function. Similarly, the primary IMD 102 can be any IMD that operates, at
least in part, to cause a satellite IMD 104 to wake from a sleep state. Thus, in this
regard, the satellite IMD 104 may sometimes also function as a primary IMD 102 in a
given embodiment. That is, the satellite IMD 104 may be configured such that, in its
active state, it can cause another satellite IMD 104 to wake and perform one or more
desired functions.

[024] Fig. 2 is a functional block diagram illustrating one embodiment of
the primary IMD 102. As shown in Fig. 2, the primary IMD 102 includes, in one
embodiment, a battery 110, a primary IMD controller 116, a sensing and/or therapy
module 122, a communication module 128, and a wake-up field generator 134. In
some embodiments, the primary IMD 102 may not include the sensing and/or
therapy module 208. The term “module” is not intended to imply any particular
structure. Rather, “module” may mean components and circuitry integrated into a
single unit as well as individual, discrete components and circuitry that are
functionally related.

[025] The battery 110 operates to provide operating power to the controller
116, the sensing and/or therapy module 122, the communication module 128, and
the wake-up field generator 134. The controller 116 operates to control the sensing
and/or therapy module 122, the communication module 128, and the wake-up field
generator 134, all of which are operatively coupled to and communicate with the
controller 116. For example, the controller 116 may command the sensing and/or
therapy module 122 to deliver a desired therapy, such as a pacing or defibrillation
stimulus. Additionally, the controller 116 may command the communication module
128 to transmit and/or receive data from the external device 106 or the satellite IMDs
104. Still additionally, the controller 116 may command the wake-up field generator
134 to generate a field (e.g., electromagnetic, magnetic, E-field) that can be detected

by a sensor in the satellite IMD 104, as discussed in detail below.
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[026] The controller 116 may include a microprocessor or microcontroller

coupled to a memory device that includes operating instructions and/or software for
the microprocessor or microcontroller. Additionally, or alternatively, primary IMD
may include timing circuitry which operates to schedule, prompt, and/or activate the
primary IMD 102 to perform various activities. For example, in one embodiment, the
timing circuitry may be utilized to determine the appropriate time at which one or
more satellite IMDs 104 should wake in order to perform a designated function. In
one embodiment, the timing circuitry may be an internal timer or oscillator, while in
other embodiments, timing may be performed by specific hardware components that
contain hardwired logic for performing the steps, or by any combination of
programmed computer components and custom hardware components.

[027] As those skilled in the art will appreciate, processors, memory devices,
and timing devices are well known, and the specific type and/or style of such devices
that can be used in the primary IMD 102 is not limited. To the contrary, any suitable
processing, memory, and timing device, or devices, currently known or later
developed, may be used.

[028] The communication module 128 is configured to allow the primary IMD
102 to communicate with other devices, such as the external device 106 or a satellite
IMD 104. In one embodiment, the primary IMD 102 may communicate with other
devices via a wireless connection. Various types of wireless communication circuitry
are well known in the art, and the specific type and/or style of wireless
communication that can be used is not limited. For example, ultrasonic waves,
acoustic communications, radio frequency communications, and the like may be
used. In one embodiment, the communication module 128 includes an acoustic
transmitter/receiver configured for acoustic telemetry.

[029] The sensing and/or therapy module 122, if present, operates to
perform the therapeutic and/or diagnostic functions described above. Thus, in one
embodiment, the sensing and/or therapy module 122 may deliver a cardiac pacing
and/or defibrillation stimulus. Again, the sensing and/or therapy module 122 is not
limited to performing any particular type of physiologic measurement or therapy.

[030] The wake-up field generator 134 operates to generate a field (i.e., a
wake-up field) that can be detected by a sensing module in the satellite IMD 104 for
the purpose of causing the satellite IMD 104 to wake from the sleep state. As will be
discussed in detail below, various types of wake-up fields (e.g., electromagnetic,

-7-
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magnetic, electric) are contemplated within the scope of the present invention. The

particular type of wake-up field utilized will depend on variables such as the available
power supply and the implantation site(s) of the primary and satellite IMDs 102, 104,
and their proximity to one another.

[031] Fig. 3 is a functional block diagram illustrating one embodiment of a
satellite IMD 104. As shown in Fig. 3, the satellite IMD 104 includes a battery 150,
power control circuitry 158, a wake-up sensor 160, a satellite IMD controller 172, a
physiologic sensor 178, and a communication module 184. In one embodiment, the
battery 150 may be rechargeable. The battery 150 operates to supply power to the
wake-up sensor 160, the controller 172, the physiologic sensor 178, and the
communication module 184. The power control circuitry 158 is operatively
connected to the battery 150 and the wake-up sensor 160, and operates to regulate
the supply of power from the battery 150 to the wake-up sensor 160, the controller
172, the physiologic sensor 178, and the communication module 184.

[032] The controller 172 may be of substantially the same type as or identical
to the controller 116 of the primary IMD 102, and may include a microprocessor or
microcontroller coupled to a memory device that includes operating instructions
and/or software for the microprocessor or microcontroller.  Additionally, or
alternatively, the satellite IMD 102, and in particular the controller 172, may include
timing circuitry which operates to direct the activities of the satellite IMD 104 (e.qg.,
taking and storing physiologic measurements, uploading measurement data) after it
has been awakened from its sleep state. Alternatively, the satellite IMD controller
172 may have reduced functionality as compared to the primary IMD controlier 116,
in embodiments where the functional requirements of the satellite IMD 172 are less
extensive.

[033] The physiologic sensor 178 performs functions related to measurement
of physiologic parameters, and is not limited to any particular type of physiologic
measurement. For example, the physiologic sensor 178 may be a pressure sensor
adapted to measure internal pressure in a blood vessel. In one such embodiment,
the satellite IMD 104 is implanted in the patient's pulmonary artery, and the
physiologic sensor 178 is adapted to measure blood pressure therein. In some
embodiments, the satellite IMD 104 may have the capability to perform one or more

therapeutic functions (e.g., cardiac pacing, drug delivery) in addition to, or in lieu of,
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one or more measurement functions. In one such embodiment, the satellite IMD 104

includes a therapy delivery module and does not include the physiologic sensor 178.
[034] The communication module 184 operates to allow the satellite IMD 104
to communicate with other devices, such as the external device 106, the primary
IMD 102, or other satellite IMDs 104. As discussed above, the satellite IMD 104 can
communicate with other devices via a wireless connection. As with the primary IMD
102, the specific type and/or style of wireless communication that can be used is not
limited. For example, ultrasonic waves, acoustic communications, radio frequency
communications, and the like may be used by the communication circuitry. In one
embodiment, the communication module 184 is an acoustic telemetry module and
includes an acoustic transmitter/receiver adapted to transmit and receive acoustic
signals to/from the primary IMD communication module 128. In one such
embodiment, the transmitter/receiver includes an ultrasonic transducer and
associated circuitry.

[035] In some embodiments, the controller 172, physiologic sensor 178, and
the communication module 184 may be integrated into an integrated circuit, while in
other embodiments one or more of these elements may be discrete hardware and
circuitry.

[036] The wake-up sensor 160 includes one or more sensors and circuitry
adapted to detect and/or to react to the presence of a wake-up field generated by the
wake-up field generator 134 of the primary IMD 102. The wake-up sensor 160 is
further adapted to cause, upon detecting the presence of such a wake-up field, the
controller 172, the physiologic sensor 178, and/or the communication module 184 to
be awakened, via the power control circuitry 158, as appropriate for performing one
or more designated functions such as those described above. In one embodiment,
the satellite IMD 104 is configured such that, upon the wake-up sensor 160 detecting
a wake-up field, the controller 172 is initially awakened. Thereafter, the controller
172 directs the subsequent wake-up and operation of the other functional portions
(e.g., the communication module 184 and/or the physiologic sensor 178).

[037] As discussed in detail below, in some embodiments, the wake-up
sensor 160 consumes minimal power while the satellite IMD 104 is in the sleep state,
with only a minimal amount of circuitry (e.g., a comparator) powered on for detecting
and processing the output (i.e., an output voltage), if any, from the sensing circuitry
of the wake-up sensor 160. In other embodiments the wake-up sensor 160 may be

-9-
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of a type (e.g., a Hall effect sensor) having power requirements significant enough to

require duty cycling of the wake-up sensor 160 in order to achieve the
aforementioned average power consumption and longevity goals.

[038] In some embodiments, the wake-up field may be modulated such that
the satellite IMD 104 can identify the field as a wake-up field from the primary IMD
102. This may be particularly advantageous in a system 100 utilizing multiple
primary and satellite IMDs 102 and 104.

[039] Figs. 4 and 5 are functional block diagrams of a primary IMD 202 and a
satellite IMD 204, respectively, according to one exemplary embodiment of the
present invention utilizing inductive coupling of the IMDs 202 and 204 to wake the
satellite IMD 204. Accordingly, as shown in Fig. 4, the primary IMD 202 includes a
battery 210, a primary IMD controller 216, a sensing and/or therapy module 222, a
communication module 228, and a wake-up field generator 234, which in the
illustrated embodiment includes an inductive coil 240. As shown in Fig. 5, the
satellite IMD 204 includes a battery 250, power control circuitry 258, a wake-up
sensor 260 which in the illustrated embodiment includes an inductive coil 266, a
satellite IMD controller 272, a physiologic sensor 278, and a communication module
284. In general, the batteries 210, 250, the controllers 216, 272, the sensing and/or
therapy module 222, the physiologic sensor 278, and the communication modules
228 and 284 are configured and operate as described above with respect to the
corresponding elements of the IMDs 102 and 104.

[040] In the illustrated embodiment of Figs. 4 and 5, the inductive coils 240
and 266 are inductively coupled. As those skilled in the art will appreciate, with the
coils 240, 266 inductively coupled, passing an alternating current through the
inductive coil 240 generates an electromagnetic field, which in turn generates an A/C
output voltage V, across the inductive coil 266. Circuitry within the wake-up sensor,
260 (e.g., a comparator), detects this output voltage, which is then amplified to
trigger, via the power control circuitry 258, the wake-up of at least the satellite IMD
controller 272, and as appropriate, the physiologic sensor 278, and/or the
communication module 284.

[041] Additionally, in some embodiments in which inductive telemetry is used
as the primary communications means between the primary and satellite IMDs 202

and 204 (i.e., via the communications modules 228 and 284), the same inductive
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coils 240, 266 may also advantageously be used for communications/telemetry,

thereby reducing the overall number of components required.
[042] In another embodiment, the wake-up field generator 234 may generate
a magnetic wake-up field, and the wake-up field sensor 260 may include a passive
magnetic field sensing device such as a reed switch. In such an embodiment, the
IMDs 202 and 204 need not be inductively coupled via the inductive coils 240 and
266.
[043] Fig. 6 is a flow chart illustrating an exemplary algorithm 300 for waking
up a sleeping satellite IMD, such as the satellite IMD 204 of Fig. 5, for the
performance of one or more designated functions. In this particular embodiment, it is
assumed that the physiologic sensor 278 performs the designated measurement
function of measuring blood pressure in the pulmonary artery, which measurement
may then be transmitted to the primary IMD 202 via the communication module 284.
Wake-up of the satellite IMD 202 is coordinated by the primary IMD 202, which may
trigger the satellite IMD 204 to wake-up at a scheduled time, in response to a
specified event, or a command from another IMD or an external device. In this
particular embodiment, for illustrative purposes, it is assumed that the primary IMD
202 is a pulse generator (“PG”) adapted to provide a cardiac pacing and/or
defibrillation stimulus. In this embodiment, the satellite IMD controller 272 may
facilitate coordination of data communications and performance of designated
functions by the satellite IMD 204.
[044] As stated above, in order to conserve energy, the satellite IMD 204 will
generally be in the sleeping state, effectively performing a waiting operation 310 and
consuming a minimal amount of power. When appropriate (as determined by a
specified event, time interval, command from an external device, etc.) the primary
IMD 204, and specifically, the wake-up field generator 234, will generate a wake-up
field. In the embodiment illustrated in Figs. 4 and 5, this wake-up field is in the form
of an electromagnetic field generated by the inductive coil 240.
[045] The wake-up sensor 260 detects, or reacts to, the wake-up field (block
330). Thus, in the embodiment illustrated in Figs. 4 and 5, the electromagnetic
wake-up field generated by the inductive coil 240 produces an output voltage across
the inductive coil 266, which in turn causes the satellite IMD controller 272,
physiologic sensor 278, and/or the communication module 284 to be energized and
thereby awakened from the sleeping state (block 340). The physiologic sensor 278
11-
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then measures the desired physiologic parameter, in this case, the pulmonary

arterial blood pressure, and if appropriate, performs other desired functions (block
350). The blood pressure measurement may then be stored in memory and/or may
be transmitted to the primary IMD 202 or an external device via the communication
module 284 (block 360). Upon completion of all of its desired functions, the satellite
IMD 204 returns to its sleeping state.

[046] Figs. 7 and 8 are functional block diagrams of a primary IMD 402 and a
satellite IMD 404, respectively, according to another exemplary embodiment of the
present invention. As shown in Fig. 7, the primary IMD 402 includes a battery 410, a
primary IMD controller 416, a sensing and/or therapy module 422, a communication
module 428, and a wake-up field generator 434. As shown in Fig. 8, the satellite
IMD 404 includes a battery 450, a wake-up timer 455, power control circuitry 458, a
wake-up sensor 460, a satellite IMD controller 472, a physiologic sensor 478, and a
communication module 484. In general, the batteries 410, 450, the controllers 416,
472, the sensing and/or therapy module 422, the physiologic sensor 478, and the
communication modules 428 and 484 are configured and operate as described
above with respect to the corresponding elements of the IMDs 102, 202, and 104,
204. Additionally, the wake-up sensor 460, the satellite IMD controller 472, the
physiologic sensor 478, and the communication module 484 are normally in the
sleeping state, consuming essentially no power from the battery 450.

[047] In the embodiment shown in Figs. 7 and 8, the wake-up sensor 460 is
of a type having power requirements significant enough to require the wake-up
sensor 460 to be duty cycled in order to achieve the power consumption and
longevity goals discussed above. In exemplary embodiments, such wake-up
sensors 460 may include magnetic field sensors such as Hall Effect sensors, and
electric field (“E-field”) sensors. Accordingly, in one embodiment, to conserve power,
the wake-up sensor 460 is normally in a sleep state, and is energized at scheduled
sampling intervals to search for and detect a wake-up field generated by the wake-
up field generator 434. The frequency and duration of the sampling intervals are
predetermined based on variables including, without limitation, the power
requirements of the wake-up sensor 460, the battery volume, and the desired
longevity of the satellite IMD 404. In another embodiment, the wake-up sensor 460

is always powered on and is not duty cycled.
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[048] In the duty cycled embodiments, the wake-up timer 455 and the power

control circuitry 458 are operatively connected to the battery 450 and operate to
regulate the power supply to the wake-up sensor 460. Additionally, as with the
embodiments described above with respect to Figs. 3 and 5, the power control
circuitry 458 operates to regulate the supply of power to the satellite IMD controller
472, the physiologic sensor 478, and the communication module 484. The wake-up
timer 455 is a low power device, e.g., an oscillator, having power consumption
characteristics selected based on variables such as the battery volume and the
desired longevity. The timer 455 operates to cause, via the power control circuitry
458, the wake-up sensor 460 to be energized (i.e., to awaken from the sleep state)
such that it can sense a wake-up field generated by the wake-up field generator 434.
The wake-up timer 455 is further adapted to cause the wake-up sensor 460 to return
to its sleep state after a predetermined time interval if no such wake-up field is
present.

[049] In one embodiment, the wake-up sensor 460 may be a low duty cycle
Hall Effect sensor adapted to sense a magnetic field generated by the wake-up field
generator 434. The principles of operation of Hall Effect sensors are known in the
art, and so a detailed description of such principles is not required. In this
embodiment, the wake-up field generator 434 is adapted to generate a magnetic
wake-up field, which can propagate through the patient’'s body tissue to reach the
Hall Effect sensor 460. The Hall Effect sensor 460 is adapted to sense the
propagated magnetic wake-up field and to produce an output voltage that in turn
causes the satellite IMD controller 472, and the physiologic sensor 478 and/or the
communication module 484 to be awakened as appropriate.

[050] In another embodiment, the wake-up field generator 434 is an E-field
generator adapted to generate and transmit a physiologically sub-threshold
excitation current that can propagate through the patient’s body tissue to the wake-
up sensor 460. In this embodiment, the wake-up sensor 460 is adapted to sense the
excitation current and generate an output voltage that causes the satellite IMD
controller 472, the physiologic sensor 478, and/or the communication module 484 to
be awakened.

[051] It should be noted that the foregoing exemplary types of wake-up field
generators and wake-up sensors 434 and 460 are not exclusive. For example, in

another embodiment, the wake-up field generator 434 may include an LED source
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operating at a tissue-penetrating wavelength, and the wake-up sensor 460 may

include a duty-cycled photo diode. In yet another embodiment, the wake-up sensor
460 may be a low power, low duty cycle accelerometer, and the wake-up field
generator 434 is provided in an external device (i.e., not in the primary IMD 402),
and is adapted to mechanically vibrate the wake-up sensor 460 at the appropriate
time(s).
[052] Fig. 9 is a flow chart illustrating an exemplary algorithm 500 for waking
the satellite IMD 404. For illustration purposes, it is assumed that the primary IMD
402 is a pulse generator (PG), and the physiologic sensor 478 of the satellite IMD
404 is adapted to measure blood pressure in the pulmonary artery. The primary IMD
402 may trigger the measurement at a scheduled time, in response to a specified
event, or a command from another IMD or an external device.
[053] As shown in Fig. 9, the satellite IMD 404 initially performs a waiting
operation in which the satellite IMD 404 is in a sleeping state (block 510). In this
state, in the embodiment illustrated in Fig. 8, the wake-up timer 455 is powered on
and operating, and the wake-up sensor 460 is powered off. The waiting operation
402 waits for a scheduled time. Upon the occurrence of the predetermined
scheduled time, the wake-up timer 455 causes, via the power control circuitry 458,
the wake-up sensor 460 to be energized such that it can detect the presence of a
wake-up field generated by the wake-up field generator 434 of the primary IMD 402
(blocks 520-530).
[054] If the wake-up sensor 460 does not detect a wake-up field during a
specified time period as measured by the wake-up timer 455, the wake-up sensor
460 is returned to its sleep state (block 540). If, however, the wake-up sensor 460
detects a wake-up field, it then causes the controller 472, and as appropriate or
necessary, the physiologic sensor 478 and/or the communication module 484, to be
awakened (block 550), via the power control circuitry 458, to perform their
designated functions. In the illustrated embodiment, the physiologic sensor 478 then
measures the desired physiologic parameter, in this case, blood pressure in the
pulmonary artery, and if appropriate, performs other desired functions (block 560).
The blood pressure measurement may then be stored in memory and/or may be
transmitted to the primary IMD 402 or an external device via the communication
module 484 (block 570). Upon completion of all of its desired functions, the satellite
IMD 404 returns to its sleeping state (block 540).
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[055] Thus, in the illustrated embodiment, only the wake-up timer 455 and a

minimal amount of circuitry (e.g., a comparator in the wake-up sensor 460) is
energized while in the sleep state. Moreover, the wake-up sensor 460 and wake-up
timer 455 of the illustrated embodiment have substantially lower power requirements
than prior wake-up methodologies using the primary communication/telemetry
circuitry for wake-up purposes.

[056] In the embodiments illustrated in Figs. 7-9, because the sensing of the
wake-up field by the wake-up sensor 460 is a timed event, it may be advantageous
to coordinate the timing of the generation of the wake-up field by the wake-up field
generator 434 with the timing of the energization (i.e., awakening) of the wake-up
sensor 460. In this way, the overall awake time of the wake-up sensor 460 can be
reduced, thereby conserving power, without detrimentally affecting the ability of the
wake-up sensor 460 to sense all wake-up events triggered by the primary IMD 402.
Such coordination can be accomplished, for example, via the systems and methods
disclosed in co-pending U.S. Patent Application No. 11/186,245 entitled “Systems
and Methods for Timing-Based Communication Between Implantable Medical
Devices,” which is incorporated herein by reference in its entirety for all purposes.
[057] It is emphasized that any of the wake-up fields described above may
be generated by a wake-up generator in the external device(s) 106. That is, the
present invention is not limited to wake-up operations triggered by an implantable
medical device.

[058] In addition, in some embodiments, the satellite IMD 104, 204, or 404 is
not fully awakened in all situations. Rather, the satellite IMD may be configured such
that, upon sensing the wake-up field, individual components are awakened in stages.
For example, the satellite IMD controller 172, 272, or 472 may initially be the only
component that is awakened, and it may thereafter direct other components to be
awakened only as necessary based on its operating instructions. Alternatively, in
other embodiments, only the communication modules 184, 284, or 484 may be
initially awakened, and the subsequent actions of the satellite IMD may be based on
commands received by the communication module from the primary IMD or external
device. Other configurations will become apparent to those skilled in the art based

on the foregoing.
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[059] It will further be appreciated that the systems and methods according

to the various embodiments of the present invention are adaptable for use with both
rechargeable and single-use IMDs.

[060] Various modifications and additions can be made to the exemplary
embodiments discussed without departing from the scope of the present invention.
For example, while the embodiments described above refer to particular features,
the scope of this invention also includes embodiments having different combinations
of features and embodiments that do not include all of the described features.
Accordingly, the scope of the present invention is intended to embrace all such
alternatives, modifications, and variations as fall within the scope of the claims,

together with all equivalents thereof.
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CLAIMS

We claim:

1. A method of waking an implantable medical device from a low-power

state, the method comprising:

providing a first implanted medical device including a wake-up field

generator and a first communication module;

providing a second implanted medical device including a battery, a
wake-up sensor operable to detect the wake-up field, a physiologic
sensor, a control module, and a second communication module,
wherein the second implanted device is initially in a low-power

state;
detecting a presence of the wake-up field; and

responsive to the presence of the wake-up field, causing the control
module to change from the low-power state to an active state and
cause a measurement of at least one physiological parameter to be
transmitted to the first implanted device via the second

communication module.

2. The method of claim 1 wherein the second communication module is
adapted for acoustic communication, and further wherein the physiologic sensor
includes a pressure sensor, and wherein the at least one physiologic parameter is a

pulmonary arterial blood pressure.

3. The method of claim 2 further comprising:

inductively coupling a first inductive coil of the first implanted device to

a second inductive coil of the second implanted device; and

passing an alternating current through the first inductive coil to

generate an electromagnetic field,
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wherein the detecting step comprises detecting the electromagnetic

field by the second inductive coil and generating an output voltage

across the second inductive coil.

4. The method of claim 2 further comprising the step of causing, at a
scheduled time before the detecting step, the wake-up sensor to change from the

low power state to the active state.

5. The method of claim 4 further comprising the step of causing the wake-
up sensor to return to the low-power state after a predetermined time interval if no

wake-up field is present.

6. The method of claim 5 wherein the wake-up field is a magnetic field,

and wherein the detecting step includes sensing the presence of the magnetic field.

7. The method of claim 5 wherein the wake-up field is an electric field
characterized by an electrical excitation current, and wherein the detecting step

includes detecting the presence or absence of the electrical excitation current.

8. A system for waking up an implantable medical device from a sleep

state, the system comprising:

a primary implantable device including a wake-up field generator
operable to generate a wake-up field, and a first communication

module; and
a satellite implantable device including:
a control module;

a second communication module, wherein the control module and
the second communication module are adapted to change

between a sleep state and an active state; and

means for detecting the wake-up field.
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9. The system of claim 8 wherein the satellite implantable device further

comprises a physiologic sensor adapted to measure at least one physiological

parameter.

10. The system of claim 9 wherein the second communication module is
adapted for acoustic communication, and further wherein the physiologic sensor
includes a pressure sensor, and wherein the at least one physiologic parameter is a

pulmonary arterial blood pressure.

1. The system of claim 8 wherein the wake-up field generator includes a
first inductive coil, and wherein the wake-up field is an electromagnetic field, and
wherein the means for detecting the wake-up field include a second inductive coil

inductively coupled to the first inductive coil.

12. The system of claim 8 wherein the wake-up field generator is adapted
to generate a magnetic field, and wherein the means for detecting the wake-up field

include a magnetic field sensor.

13. The system of claim 8 wherein the satellite implantable device further
comprises timer circuitry operable to cause, at a first predetermined time interval, the
means for detecting the wake-up field adapted to change from a sleep state to an
active state in which the means for detecting the wake-up field are operable to detect

the wake-up field.

14. The system of claim 13 wherein the timer circuitry is further adapted to
cause the means for detecting the wake-up field to return to the sleep state upon

passage of second predetermined time interval.

15. The system of claim 14 wherein the wake-up field generator includes a
magnetic field generator, and wherein the means for detecting the wake-up field

include a magnetic field sensor.
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16. The system of claim 14 wherein the wake-up field generator is adapted
to generate a physiologically sub-threshold electrical excitation current, and wherein

the means for detecting the wake-up field include an electric field sensor adapted to

detect the excitation current.
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