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SENSING AND ATRIAL-SYNCHRONIZED
VENTRICULAR PACING IN AN
INTRACARDIAC PACEMAKER

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims the benefit of U.S. Provi-
sional Application No. 62/068,363, filed on Oct. 24, 2014.
The disclosure of the above application is incorporated herein
by reference in its entirety.

[0002] The present application is related to co-pending and
commonly-assigned U.S. patent application Ser. No.

(Atty. Docket No.: C00005900.USU2) which is entitled
SENSING AND ATRIAL-SYNCHRONIZED VENTRICU-
LAR PACING IN AN INTRACARDIAC PACEMAKER;
and U.S. patent application Ser. No. (Atty. Docket
No.: C00005900.USU4), which is entitled SENSING AND
ATRIAL-SYNCHRONIZED VENTRICULAR PACING IN
AN INTRACARDIAC PACEMAKER, both of which are
filed concurrently herewith and all of which are incorporated
herein by reference in their entireties.

TECHNICAL FIELD

[0003] The disclosure relates to an implantable medical
device system and associated method for sensing cardiac
events by an intracardiac pacemaker configured to deliver
atrial-synchronized ventricular pacing.

BACKGROUND

[0004] Implantable cardiac pacemakers are often placed in
a subcutaneous pocket and coupled to one or more trans-
venous medical electrical leads carrying pacing and sensing
electrodes positioned in the heart. A cardiac pacemaker
implanted subcutaneously may be a single chamber pace-
maker coupled to one medical lead for positioning electrodes
in one heart chamber, atrial or ventricular, or a dual chamber
pacemaker coupled to two leads for positioning electrodes in
both an atrial and a ventricular chamber. Multi-chamber pace-
makers are also available that may be coupled to three leads,
for example, for positioning electrodes for pacing and sensing
in one atrial chamber and both the right and left ventricles.
[0005] Intracardiac pacemakers have recently been intro-
duced that are implantable within a ventricular chamber of a
patient’s heart for delivering ventricular pacing pulses. Such
a pacemaker may sense R-wave signals attendant to intrinsic
ventricular depolarizations and deliver ventricular pacing
pulses in the absence of sensed R-waves. While single cham-
ber ventricular sensing and pacing by an intracardiac ven-
tricular pacemaker may adequately address some patient con-
ditions, other conditions may require atrial and ventricular
(dual chamber) sensing for providing atrial-synchronized
ventricular pacing and/or atrial and ventricular (dual cham-
ber) pacing in order to maintain a regular heart rhythm.

SUMMARY

[0006] In general, the disclosure is directed to an intracar-
diac pacemaker capable of dual chamber sensing for provid-
ing atrial-synchronized ventricular pacing therapy to a
patient. A pacemaker operating according to the techniques
disclosed herein filters a raw cardiac signal including
P-waves, T-waves and R-waves, analyzes at least the filtered
cardiac signal to identify P-waves and the T-waves, and estab-
lishes cardiac event sensing criteria that discriminate the
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P-waves from the R-waves and T-waves in the filtered cardiac
electrical signal. In various examples, P-wave sensing by an
intracardiac pacemaker enables atrial-synchronized ventricu-
lar pacing by the pacemaker.

[0007] In one example, the disclosure provides a method
performed by a medical device including filtering a raw car-
diac electrical signal received by the medical device accord-
ing to first filtering properties to produce a filtered cardiac
electrical signal, the raw cardiac electrical signal comprising
first cardiac events, second cardiac events different than the
first cardiac events, and third cardiac events different than the
first cardiac events and the second cardiac events, detecting a
first crossing of a first threshold by the filtered cardiac elec-
trical signal, identifying one of the second cardiac events after
the first crossing, detecting a second crossing of the first
threshold by the filtered cardiac electrical signal after the
identified one of the second cardiac events, analyzing the first
crossing and the second crossing of the filtered cardiac elec-
trical signal, establishing cardiac event sensing criteria that
discriminate the first cardiac events from the third cardiac
events based on the analyzing of the first crossing and the
second crossing, and sensing the first cardiac events from the
filtered cardiac electrical signal when the established cardiac
event sensing criteria are met.

[0008] In another example, the disclosure provides an
implantable medical device, including a sensing module con-
figured to receive a raw cardiac electrical signal via electrodes
coupled to the sensing module, the raw cardiac electrical
signal including first cardiac events, second cardiac events
different than the first cardiac events, and third cardiac events
different than the first cardiac events and the second cardiac
events. The sensing module is further configured to filter the
raw cardiac electrical signal according to first filtering prop-
erties to produce a filtered cardiac electrical signal, detect a
first crossing of a first threshold by the filtered cardiac elec-
trical signal, identify one of the second cardiac events after
the first crossing, detect a second crossing of the first thresh-
old by the filtered cardiac electrical signal after the identified
one of the second cardiac events, analyze the first crossing
and the second crossing of the filtered cardiac electrical sig-
nal, establish cardiac event sensing criteria that discriminate
the first cardiac events from the third cardiac events based on
the analyzing of the first crossing and the second crossing,
and sense the first cardiac events from the filtered cardiac
electrical signal when the established cardiac event sensing
criteria are met.

[0009] In yet another example, the disclosure provides a
non-transitory, computer-readable medium storing a set of
instructions which, when executed by an implantable medical
device cause the device to filter a raw cardiac electrical signal
received by the medical device according to first filtering
properties to produce a filtered cardiac electrical signal, the
raw cardiac electrical signal comprising first cardiac events,
second cardiac events different than the first cardiac events,
and third cardiac events different than the first and second
cardiac events. The instructions further cause the device to
detect a first crossing of a first threshold by the filtered cardiac
electrical signal, identity one of the second cardiac events
after the first crossing, detect a second crossing of the first
threshold by the filtered cardiac electrical signal after the
identified one of the second cardiac events, analyze the first
crossing and the second crossing of the filtered cardiac elec-
trical signal, establish cardiac event sensing criteria that dis-
criminate the first cardiac events from the third cardiac events
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based on the analyzing of the first crossing and the second
crossing, and sense the first cardiac events from the filtered
cardiac electrical signal when the established cardiac event
sensing criteria are met.

BRIEF DESCRIPTION OF DRAWINGS

[0010] FIG.1 is a conceptual diagram illustrating an intra-
cardiac pacing system that may be used to sense cardiac
electrical signals and provide therapy to a patient’s heart.

[0011] FIG. 2A is a conceptual diagram of an intracardiac
pacemaker.
[0012] FIGS. 2B and 2C are conceptual diagrams of alter-

native embodiments of an intracardiac pacemaker.

[0013] FIG. 3 is a functional block diagram of an example
configuration of the intracardiac pacemaker shown in FIG.
2A.

[0014] FIG. 4A is a functional block diagram of sensing
and pacing control circuitry included in the right ventricular
(RV) pacemaker shown in FIG. 1 according to one example.
[0015] FIG. 4B is a depiction of raw unfiltered EGM sig-
nals received by the P-wave detector of FIG. 4A.

[0016] FIG. 4C is a depiction of filtered, rectified EGM
signals produced after filtering and rectifying the respective
unfiltered EGM signals of FIG. 4B.

[0017] FIG.5Aisaconceptual diagram of a P-wave portion
of a ventricular EGM signal.

[0018] FIG. 5B is a conceptual diagram of an R-wave por-
tion of the ventricular EGM signal of FIG. 5A.

[0019] FIG.5C is aconceptual diagram ofa T-wave portion
of the ventricular EGM signal of FIG. 5A.

[0020] FIG. 6 is a flow chart of a method for controlling
ventricular pacing pulse delivery using far-field P-wave sens-
ing by RV pacemaker of FIG. 1.

[0021] FIG. 7A is a flow chart of a method for controlling
ventricular pacing pulse delivery by the RV pacemaker
according to another example.

[0022] FIG. 7B is a depiction of a raw, unfiltered EGM
signal, a filtered, rectified EGM signal, a differential EGM
signal and an integrated EGM signal.

[0023] FIG. 8 is a flow chart of a method for establishing
and re-checking P-wave sensing criteria by the RV pace-
maker.

[0024] FIG. 9 is a flow chart of a method for establishing
P-wave sensing criteria by the RV pacemaker according to
one example.

[0025] FIG.10A is a flow chart of amethod for determining
a need for adjusting P-wave sensing control parameters used
by the P-wave detector shown in FIG. 4A.

[0026] FIG.10Bisa flow chart ofa method for determining
a need for adjusting the P-wave sensing criteria according to
another example.

[0027] FIG. 11A is a diagram of a cardiac EGM signal and
associated marker channel signals that may be produced by
the RV pacemaker and transmitted to an external device
according to one example.

[0028] FIG.11B is a conceptual diagram of a display of the
cardiac EGM signal transmitted from the RV pacemaker to
the external device and an associated marker channel that
may be generated by a user display of the external device.
[0029] FIG. 12 is a flow chart of a method that may be
performed by the RV pacemaker of FIG. 1 for automatically
adjusting a P-wave detector filter according to another
example.
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DETAILED DESCRIPTION

[0030] An implantable medical device (IMD) system is
disclosed herein that includes a ventricular intracardiac pace-
maker configured to be implanted wholly in a ventricular
chamber of the patient’s heart. In various examples, the IMD
system may include an atrial intracardiac pacemaker and a
ventricular intracardiac pacemaker that do not require trans-
venous leads but are enabled to provide coordinated atrial and
ventricular pacing without wireless or wired communication
signals between the two intracardiac pacemakers. The ven-
tricular intracardiac pacemaker establishes P-wave sensing
criteria for reliably distinguishing P-waves from R-wave and
T-waves to enable the ventricular pacemaker to deliver atrial-
synchronized ventricular pacing.

[0031] A dual chamber pacemaker positioned in an implant
pocket and coupled to transvenous atrial and ventricular leads
may be programmed to deliver only atrial pacing (AAI(R)),
only ventricular pacing (VVI(R)) or both (DDD(R)) accord-
ing to patient need. The dual chamber pacemaker is able to
control the delivery of pacing pulses in both atrial and ven-
tricular chambers because the pacemaker will receive sensed
event signals from both atrial and ventricular chambers and
control when a pacing pulse is delivered in both chambers
relative to the sensed events using the electrodes positioned in
both chambers. In other words, the dual chamber pacemaker
knows when both sensed and paced events have occurred in
both atrial and ventricular sensing and pacing channels since
all sensing and pacing control is happening in the one device,
i.e., the dual chamber pacemaker.

[0032] Intracardiac pacemakers have been introduced that
are adapted to be implanted wholly within a heart chamber.
Elimination of transvenous, intracardiac leads has several
advantages. For example, complications due to infection
associated with a lead extending from a subcutaneous pace-
maker pocket transvenously into the heart can be eliminated.
Other complications such as “twiddler’s syndrome”, lead
fracture or poor connection of the lead to the pacemaker are
eliminated in the use of an intracardiac pacemaker.

[0033] An intracardiac pacemaker may operate in a single
chamber pacing and sensing mode, e.g., AAl or VVI, by
delivering pacing pulses and inhibiting pacing when an intrin-
sic event is sensed in the chamber that the pacemaker is
implanted in. While some patients may require only single
chamber pacing and sensing, patients having AV conduction
defects may require a pacing system capable of delivering
ventricular pacing pulses that are synchronized to atrial
events, including atrial paced events (if an atrial pacemaker is
present) and sensed intrinsic atrial events (i.e., P-waves atten-
dant to the depolarization of the atria). When ventricular
pacing pulses, are properly synchronized to atrial events, the
ventricle is paced at a target atrioventricular (AV) interval
following an atrial event. Maintaining a target AV interval is
important in maintaining proper filling of the ventricles for
promoting optimal hemodynamic function.

[0034] FIG. 1 1is a conceptual diagram illustrating an intra-
cardiac pacing system 10 that may be used to sense cardiac
electrical signals and provide therapy to a patient’s heart 8.
IMD system 10 includes a right ventricular (RV) intracardiac
pacemaker 14 and may optionally include a right atrial (RA)
intracardiac pacemaker 12. Pacemakers 12 and 14 are tran-
scatheter intracardiac pacemakers adapted for implantation
wholly within a heart chamber, e.g., wholly within the RV,
wholly within the left ventricle (LV), wholly within the RA or
wholly within the left atrium (LLA) of heart 8. In the example
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of FIG. 1, pacemaker 12 is positioned along an endocardial
wall of the RA, e.g., along the RA lateral wall or RA septum.
Pacemaker 14 is positioned along an endocardial wall of the
RV, e.g., near the RV apex. The techniques disclosed herein,
however, are not limited to the pacemaker locations shown in
the example of FIG. 1 and other positions and relative loca-
tions from each other are possible. In some examples, a ven-
tricular intracardiac pacemaker 14 is positioned in the LV for
delivering atrial-synchronized ventricular pacing using the
techniques disclosed herein.

[0035] Pacemakers 12 and 14 are reduced in size compared
to subcutaneously implanted pacemakers and are generally
cylindrical in shape to enable transvenous implantation via a
delivery catheter. In other examples, pacemakers 12 and 14
may be positioned at any other location inside or outside heart
8, including epicardial locations. For example, pacemaker 12
may be positioned outside or within the right atrium or left
atrium to provide respective right atrial or left atrial pacing.
Pacemaker 14 may be positioned outside or within the right
ventricle or left ventricle to provide respective right ventricu-
lar or left ventricular pacing.

[0036] Pacemakers 12 and 14 are each capable of produc-
ing electrical stimulation pulses, i.e., pacing pulses, delivered
to heart 8 via one or more electrodes on the outer housing of
the pacemaker. RA pacemaker 12 is configured to sense an
intracardiac electrogram (EGM) signal in the RA using the
housing based electrodes and deliver RA pacing pulses. RV
pacemaker 14 is configured to sense an EGM signal in the RV
using housing based electrodes and deliver RV pacing pulses.
[0037] In some examples, a patient may only require RV
pacemaker 14 for delivering atrial-synchronized ventricular
pacing, e.g., in the case of atrio-ventricular (AV) block. In
other examples, depending on individual patient need, RA
pacemaker 12 may be implanted first, and RV pacemaker 14
may be implanted at a later time after the patient develops a
need for ventricular pacing, e.g., if the patient develops AV
conduction defects. In other examples, the patient may
receive the RV pacemaker 14 first and later receive RA pace-
maker 12, or the patient may receive both RA pacemaker 12
and RV pacemaker 14 during the same implant procedure.
[0038] The RV pacemaker 14 is configured to control the
delivery of ventricular pacing pulses to the RV in a manner
that promotes maintaining a target AV interval between atrial
and ventricular events, e.g., between P-waves (intrinsic or
pacing-evoked) and ventricular pacing pulses or the resulting
pacing-evoked R-waves. A target AV interval may be a pro-
grammed value selected by a clinician. A target AV interval
may be identified as being hemodynamically optimal for a
given patient based on clinical testing or assessments of the
patient or based on clinical data from a population of patients.
Each of the RA pacemaker 12 and RV pacemaker 14 include
a control module that controls functions performed by the
respective pacemaker. According to the techniques disclosed
herein, the control module of the RV pacemaker 14 is config-
ured to automatically adjust P-wave sensing criteria and
dynamically adjust a ventricular pacing escape interval based
on EGM signal analysis performed to discriminate P-waves
from R-waves and T-waves.

[0039] Pacemakers 12 and 14 may each be capable of bidi-
rectional wireless communication with an external device 20.
Aspects of external device 20 may generally correspond to
the external programming/monitoring unit disclosed in U.S.
Pat. No. 5,507,782 (Kieval, et al.), hereby incorporated herein
by reference in its entirety. External device 20 is often
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referred to as a “programmer” because it is typically used by
aphysician, technician, nurse, clinician or other qualified user
for programming operating parameters in pacemakers 12 and
14. External device 20 may be located in a clinic, hospital or
other medical facility. External device 20 may alternatively
be embodied as a home monitor or a handheld device that may
be used in a medical facility, in the patient’s home, or another
location. Operating parameters, such as sensing and therapy
delivery control parameters, may be programmed into pace-
makers 12 and 14 using external device 20.

[0040] External device 20 includes a processor 52 and asso-
ciated memory 53, user display 54, user interface 56 and
telemetry module 58. Processor 52 controls external device
operations and processes data and signals received from pace-
makers 12 and 14. According to techniques disclosed herein,
processor 52 receives EGM and marker channel data trans-
mitted to telemetry module 58 from RV pacemaker 14. Pro-
cessor 52 provides user display 54 with the EGM and marker
channel data for display to a user.

[0041] The user display 54 produces a display of EGM
signal data, which may be delayed from real time as described
below in conjunction with FIGS. 11A and 11B, and marker
channel markers based on data received from RV pacemaker
14. The display may be a part of a graphical user interface that
facilitates programming of sensing control parameters by a
user interacting with external device 20. External device 20
may display other data and information relating to pacemaker
functions to a user for reviewing pacemaker operation and
programmed parameters as well as EGM signals or other
physiological data that is retrieved from pacemakers 12 and
14 during an interrogation session. User interface 56 may
include a mouse, touch screen, keyboard and/or keypad to
enable a user to interact with external device 20 to initiate a
telemetry session with pacemakers 12 and/or 14 for retrieving
data from and/or transmitting data to pacemakers 12 and/or
14 for selecting and programming desired sensing and
therapy delivery control parameters.

[0042] Telemetry module 58 is configured for bidirectional
communication with implantable telemetry modules
included in each of pacemakers 12 and 14. External device 20
establishes a wireless radio frequency (RF) communication
link 22 with RA pacemaker 12 and wireless RF communica-
tion link 24 with RV pacemaker 14 using a communication
protocol that appropriately addresses the targeted pacemaker
12 or 14. An example RF telemetry communication system
that may be implemented in system 10 is generally disclosed
in U.S. Pat. No. 5,683,432 (Goedeke, et al.), hereby incorpo-
rated herein by reference in its entirety.

[0043] Telemetry module 58 is configured to operate in
conjunction with processor 52 for sending and receiving data
relating to pacemaker functions via communication link 22 or
24. Communication links 22 and 24 may be established
between respective RA pacemaker 12 and RV pacemaker 14
and external device 20 using an RF link such as BLUE-
TOOTH®, Wi-Fi, Medical Implant Communication Service
(MICS) or other RF bandwidth. In some examples, external
device 20 may include a programming head that is placed
proximate pacemaker 12 or 14 to establish and maintain a
communication link, and in other examples external device
20 and pacemakers 12 and 14 may be configured to commu-
nicate using a distance telemetry algorithm and circuitry that
does not require the use of a programming head and does not
require user intervention to maintain a communication link.
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[0044] Itis contemplated that external device 20 may be in
wired or wireless connection to a communications network
via telemetry module 58 for transferring data to a remote
database or computer to allow remote management of the
patient 12. Remote patient management systems may be con-
figured to utilize the presently disclosed techniques to enable
a clinician to review EGM and marker channel data and
authorize programming of sensing control parameters after
viewing a visual representation of EGM and marker channel
data. Reference is made to commonly-assigned U.S. Pat. No.
6,599,250 (Webb et al.), U.S. Pat. No. 6,442,433 (Linberg, et
al.), U.S. Pat. No. 6,418,346 (Nelson, et al.), and U.S. Pat. No.
6,480,745 (Nelson, et al.) for general descriptions and
examples of remote patient management systems that enable
remote patient monitoring and device programming. Each of
these patents is incorporated herein by reference in their
entirety.

[0045] For example, neither RA pacemaker 12 nor RV
pacemaker 14 may be configured to initiate an RF communi-
cation session with the other device. Both pacemakers 12 and
14 may be configured to periodically “listen” for a valid
“wake up” telemetry signal from external device 20 and
power up its own telemetry module to establish a communi-
cation link 22 or 24 in response to a valid telemetry signal (or
go back to “sleep” if no valid telemetry signal is received).
However, pacemaker 12 and pacemaker 14 may or may not be
configured to communicate directly with each other. In some
cases, pacemakers 12 and 14 may be configured to commu-
nicate with each other, but, in order to conserve battery life of
the intracardiac pacemakers 12 and 14, communication may
be minimized. As such, communication does not occur on a
beat-by-beat basis between the RA pacemaker 12 and RV
pacemaker 14 for communicating when the other pacemaker
is sensing cardiac events or when it is delivering pacing
pulses. RV pacemaker 14, however, is configured to sense
atrial events and automatically adjust P-wave sensing criteria
for reliably discriminating P-waves from R-waves and
T-waves of an intracardiac ventricular EGM signal, without
requiring communication signals from RA pacemaker 12.

[0046] FIG. 2A is a conceptual diagram of an intracardiac
pacemaker 100 that may correspond to RA pacemaker 12 or
RV pacemaker 14 shown in FIG. 1. Pacemaker 100 includes
electrodes 162 and 164 spaced apart along the housing 150 of
pacemaker 100 for sensing cardiac EGM signals and deliver-
ing pacing pulses. Electrode 164 is shown as a tip electrode
extending from a distal end 102 of pacemaker 100, and elec-
trode 162 is shown as a ring electrode along a mid-portion of
housing 150, for example adjacent proximal end 104. Distal
end 102 is referred to as “distal” in that it is expected to be the
leading end as it advanced through a delivery tool, such as a
catheter, and placed against a target pacing site.

[0047] Electrodes 162 and 164 form an anode and cathode
pair for bipolar cardiac pacing and sensing. Flectrodes 162
and 164 may be positioned on or as near as possible to respec-
tive proximal and distal ends 104 and 102 to increase the
inter-electrode spacing between electrodes 162 and 164.
Relatively greater inter-electrode spacing will increase the
likelihood of sensing far-field (FF) signals occurring in a
different heart chamber than the chamber in which pacemaker
100 is implanted. For example, an increased inter-electrode
spacing between electrodes 162 and 164 when pacemaker
100 is used as an RV pacemaker may improve reliable sensing
of FF atrial events by pacemaker 100 foruse in controlling the
timing of ventricular pacing pulses.
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[0048] In alternative embodiments, pacemaker 100 may
include two or more ring electrodes, two tip electrodes, and/or
other types of electrodes exposed along pacemaker housing
150 for delivering electrical stimulation to heart 8 and sensing
EGM signals. Electrodes 162 and 164 may be, without limi-
tation, titanium, platinum, iridium or alloys thereof and may
include a low polarizing coating, such as titanium nitride,
iridium oxide, ruthenium oxide, platinum black among oth-
ers. Electrodes 162 and 164 may be positioned at locations
along pacemaker 100 other than the locations shown.

[0049] Housing 150 is formed from a biocompatible mate-
rial, such as a stainless steel or titanium alloy. In some
examples, the housing 150 may include an insulating coating.
Examples of insulating coatings include parylene, urethane,
PEEK, or polyimide among others. The entirety of the hous-
ing 150 may be insulated, but only electrodes 162 and 164
uninsulated. In other examples, the entirety of the housing
150 may function as an electrode instead of providing a
localized electrode such as electrode 162. Alternatively, elec-
trode 162 may be electrically isolated from the other portions
of the housing 150. Electrode 162 formed along an electri-
cally conductive portion of housing 150 serves as a return
anode during pacing and sensing.

[0050] The housing 150 includes a control electronics sub-
assembly 152, which houses the electronics for sensing car-
diac signals, producing pacing pulses and controlling therapy
delivery and other functions of pacemaker 100. Tip electrode
164 may be coupled via a feedthrough to circuitry within
control electronics subassembly 152, e.g., a pacing pulse
generator and sensing module, to serve as the pacing cathode
electrode.

[0051] Housing 150 further includes a battery subassembly
160, which provides power to the control electronics subas-
sembly 152. Battery subassembly 160 may include features
of'the batteries disclosed in commonly-assigned U.S. Pat. No.
8,433,409 (Johnson, et al.) and U.S. Pat. No. 8,541,131
(Lund, et al.), both of which are hereby incorporated by
reference herein in their entirety.

[0052] Pacemaker 100 may include a set of fixation tines
166 to secure pacemaker 100 to patient tissue, e.g., by actively
engaging with the ventricular endocardium and/or interacting
with the ventricular trabeculae. Fixation tines 166 are config-
ured to anchor pacemaker 100 to position electrode 164 in
operative proximity to a targeted tissue for delivering thera-
peutic electrical stimulation pulses. Numerous types of active
and/or passive fixation members may be employed for
anchoring or stabilizing pacemaker 100 in an implant posi-
tion. Pacemaker 100 may include a set of fixation tines as
disclosed in commonly-assigned, pre-grant publication U.S.
2012/0172892 (Grubac, et al.), hereby incorporated herein by
reference in its entirety.

[0053] Pacemaker 100 may further include a delivery tool
interface 158. Delivery tool interface 158 may be located at
the proximal end 104 of pacemaker 100 and is configured to
connect to a delivery device, such as a catheter, used to posi-
tion pacemaker 100 at an implant location during an implan-
tation procedure, for example within a heart chamber.
[0054] A reduced size of pacemaker 100 enables implanta-
tion wholly within a heart chamber. In FIG. 1, RA pacemaker
12 and RV pacemaker 14 may have different dimensions. For
example, RA pacemaker 12 may be smaller in volume than
pacemaker 14, e.g., by reducing battery size, to accommodate
implantation in the smaller heart chamber. As such, it is
recognized that pacemaker 100 may be adapted in size, shape,



US 2016/0114162 Al

electrode location or other physical characteristics according
to the heart chamber or location in which it will be implanted.
[0055] FIG. 2B is a conceptual diagram of an alternative
embodiment of an intracardiac pacemaker 110. Pacemaker
110 includes a housing 150, control electronics subassembly
152, battery subassembly 160, fixation member 166 and elec-
trode 164 along a distal end 102, and may include a delivery
tool interface 158 along the proximal end 104 as described
above in conjunction with FIG. 2A. Pacemaker 110 is shown
to include an electrode 162' extending away from housing 150
along an extender 165. As such, instead of carrying a pair of
electrodes along the housing 150, which limits the maximum
possible inter-electrode spacing, an extender 165 may be
coupled to the housing 150 for positioning the anode elec-
trode 162' at an increased inter-electrode distance from distal
tip electrode 164. The increased distance may position a
sensing electrode in or near the atrium for improved P-wave
sensing. The techniques disclosed herein may be imple-
mented in a pacemaker with a proximal sensing extension as
generally disclosed in U.S. Pat. Application No. 62/025,690
(Atty. Docket No. C00005334.USP1), filed provisionally on
Jul. 17, 2014, incorporated herein by reference in its entirety.
[0056] FIG. 2C is a conceptual diagram of an alternative
embodiment of intracardiac pacemaker 120 having extender
165 coupled to the distal end 102 of pacemaker housing 150
to extend distal electrode 164' away from electrode 162 posi-
tioned along housing 150 near or at proximal end 104.
Extender 165 is an insulated electrical conductor that may
electrically couple electrode 164' to pacemaker circuitry via
an electrical feedthrough crossing housing 150. Pacemaker
120 having an insulated, electrically conductive extender 165
for increasing the inter-electrode spacing may correspond
generally to the implantable device and flexible conductor
disclosed in commonly-assigned, pre-grant U.S. Publication
No. 2013/0035748 (Bonner, et al.), hereby incorporated
herein by reference in its entirety.

[0057] FIG. 3 is a functional block diagram of an example
configuration of pacemaker 100 shown in FIG. 2A. Pace-
maker 100 includes a pulse generator 202, a sensing module
204, a control module 206, memory 210, telemetry module
208 and a power source 214. As used herein, the term “mod-
ule” refers to an application specific integrated circuit
(ASIC), an electronic circuit, a processor (shared, dedicated,
or group) and memory that execute one or more software or
firmware programs, a combinational logic circuit, or other
suitable components that provide the described functionality.
Each of RA pacemaker 12 and RV pacemaker 14 will include
similar modules as represented by the pacemaker 100 shown
in FIG. 3; however it is understood that the modules are
configured differently as needed to perform the functionality
of the separate RA and RV pacemakers 12 and 14.

[0058] When pacemaker 100 is configured to operate as RV
pacemaker 14, control module 206 is configured to set various
ventricular pacing escape intervals used to control delivery of
ventricular pacing pulses as disclosed herein. When pace-
maker 100 is embodied as RA pacemaker 12, control module
206 is configured to set atrial pacing escape intervals to con-
trol delivery of RA pacing pulses. Adaptations of the hard-
ware, firmware or software of the various modules of pace-
maker 100 necessary to meet the described functionality of
the intracardiac pacemakers positioned in different heart
chambers as disclosed herein is understood to be included in
the various modules of pacemaker 100 according to the
intended implant location.
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[0059] The functions attributed to pacemaker 100 herein
may be embodied as one or more processors, controllers,
hardware, firmware, software, or any combination thereof.
Depiction of different features as specific circuitry or mod-
ules is intended to highlight different functional aspects and
does not necessarily imply that such functions must be real-
ized by separate hardware or software components or by any
particular architecture. Rather, functionality associated with
one or more modules, processors, or circuits may be per-
formed by separate hardware or software components, or
integrated within common hardware or software components.
For example, pacing control operations performed by pace-
maker 100 may be implemented in control module 206
executing instructions stored in associated memory 210 and
relying on input from sensing module 204.

[0060] The functional operation of pacemaker 100 as dis-
closed herein should not be construed as reflective of a spe-
cific form of software or hardware necessary to practice the
methods described. It is believed that the particular form of
software, hardware and/or firmware will be determined pri-
marily by the particular system architecture employed in the
pacemaker 100 and by the particular sensing and therapy
delivery methodologies employed by the pacemaker 100.
Providing software, hardware, and/or firmware to accomplish
the described functionality in the context of any modern
pacemaker system, given the disclosure herein, is within the
abilities of one of skill in the art.

[0061] Pulse generator 202 generates electrical stimulation
pulses that are delivered to heart tissue via electrodes 162 and
164. Electrodes 162 and 164 may be housing-based elec-
trodes as shown in FIG. 2A, but one or both electrodes 162
and 164 may alternatively be carried by an insulated, electri-
cal conductor extending away from the pacemaker housing as
described in conjunction with FIGS. 2B and 2C.

[0062] Pulse generator 202 may include one or more
capacitors and a charging circuit to charge the capacitor(s) to
a programmed pacing pulse voltage. At appropriate times, as
controlled by a pace timing and control module included in
control module 206, the capacitor is coupled to pacing elec-
trodes 162 and 164 to discharge the capacitor voltage and
thereby deliver the pacing pulse. Pacing circuitry generally
disclosed in the above-incorporated U.S. Pat. No. 5,507,782
(Kieval, etal.) and in commonly assigned U.S. Pat. No. 8,532,
785 (Crutchfield, et al.), both of which patents are incorpo-
rated herein by reference in their entirety, may be imple-
mented in pacemaker 100 for charging a pacing capacitor to a
predetermined pacing pulse amplitude under the control of
control module 206 and delivering a pacing pulse.

[0063] Control module 206 controls pulse generator 202 to
deliver a pacing pulse in response to expiration of a pacing
escape interval according to programmed therapy control
parameters stored in memory 210. The pace timing and con-
trol module included in control module 206 includes an
escape interval timer that is set to various pacing escape
intervals used for controlling the timing of pacing pulses
relative to a paced or sensed event. Upon expiration of a
pacing escape interval, a pacing pulse is delivered. If a cardiac
event is sensed during the pacing escape interval by sensing
module 204, the scheduled pacing pulse may be inhibited,
and the pacing escape interval may be reset to a new time
interval. Control of pacing escape intervals by control module
206 is described below in conjunction with the various flow
charts presented herein.
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[0064] Sensing module 204 includes cardiac event detec-
tors 222 and 224 for receiving cardiac EGM signals devel-
oped across electrodes 162 and 164. A cardiac event may be
sensed by sensing module 204 when the EGM signal crosses
a sensing threshold of a cardiac event detector 222 or 224. The
sensing threshold may be an auto-adjusting sensing threshold
that may be initially set based on the amplitude of a sensed
event and decays at a predetermined decay rate thereafter. In
response to a sensing threshold crossing, sensing module 204
passes a sensed event signal to control module 206.

[0065] Sensing module 204 may include a near-field (NF)
event detector 222 and a far-field (FF) event detector 224. NF
cardiac events are events that occur in the heart chamber
where the electrodes 162 and 164 are located. FF cardiac
events are events that occur in a different heart chamber than
the heart chamber where electrodes 162 and 164 are located.

[0066] The NF cardiac event detector 222 of RV pacemaker
12 may be programmed with a sensing threshold appropriate
for sensing R-waves attendant to the depolarization of the
ventricles. NF cardiac event detector 222 of RV pacemaker
100 produces a NF sensed event signal, also referred to herein
as an “R-sense signal,” provided to control module 206 in
response to detecting an R-wave sensing threshold crossing
[0067] The terms “sensed cardiac events” or “sensed
events” as used herein refer to events sensed by sensing
module 204 in response to the EGM signal crossing a sensing
threshold, which may be an amplitude threshold, a frequency
threshold, a slew rate threshold, or any combination thereof.
Sensed cardiac events may include intrinsic events and
evoked events caused by a delivered pacing pulse. Intrinsic
events are events arising in the heartin the absence of a pacing
pulse. Intrinsic events include intrinsic P-waves, such as sinus
P-waves originating from the sinoatrial node of the heart, and
intrinsic R-waves, such as sinus R-waves conducted through
the heart’s normal conduction pathway to the ventricles from
the atria via the atrioventricular node. Intrinsic events can also
include non-sinus intrinsic events, such as premature atrial
contractions (PACs) or premature ventricular contractions
(PVCs) that arise intrinsically from the heart but are ectopicin
origin.

[0068] FF eventdetector 224 may be configured to sense FF
atrial events when pacemaker 100 is embodied as RV pace-
maker 14. A FF atrial event sensing threshold may be used by
FF event detector 224 for sensing FF atrial events. The FF
atrial event sensing threshold is different than the sensing
threshold used by NF event detector 222 but is applied to the
same EGM signal developed across electrodes 162 and 164 to
enable sensing module 204 to distinctly sense FF atrial events
and NF R-waves. FF event detector 224 produces a FF sensed
event signal, also referred to herein as a “P-sense signal,”
passed to control module 206 in response to sensing a FF
atrial event. FF atrial events sensed by FF event detector 224
may include atrial pacing pulses delivered by RA pacemaker
12 and/or P-waves, intrinsic or evoked. The FF event detector
224 may or may not be configured to discriminate between
sensed FF atrial events that are pacing pulses and sensed FF
atrial events that are P-waves. The atrial events sensed by RV
pacemaker 14 are referred to as “far-field” events because
they are events occurring in a heart chamber different than the
RV, where pacemaker 14 is implanted. It is recognized that
when a proximal sensing extension is used as show in FIG.
2B, at least one electrode may be positioned proximate the
atrium so that the signal itself may approach near-field atrial
signal sensing.
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[0069] FF P-waves are relatively small amplitude signals
compared to NF R-waves and may be similar in amplitude to
NF T-waves, associated with the repolarization of the ven-
tricular myocardium. P-waves may be challenging to distin-
guish from T-waves and baseline noise on the ventricular
EGM signal. The inter-electrode spacing of sensing elec-
trodes 162 and 164 may be increased to enhance sensing of
small amplitude FF P-waves by FF event detector 224. As
described in conjunction with the flow charts disclosed
herein, RV pacemaker 14 is configured to establish P-wave
sensing criteria to reliably sense FF P-waves from the ven-
tricular EGM signal received by sensing module 204 via
electrodes 162 and 164.

[0070] FF P-waves may be distinguishable from NF
R-waves and T-waves based on amplitude, timing, frequency
content, slope, the shape ofthe overall P-wave morphology or
specific features of the P-wave morphology. An R-wave sens-
ing threshold used by NF event detector 222 in RV pacemaker
14 may be set greater than an expected FF P-wave amplitude
so that R-waves are sensed when the EGM signal developed
across electrodes 162 and 164 crosses the R-wave sensing
threshold. FF P-waves may be sensed by FF event detector
224 of the RV pacemaker 14 using a different sensing thresh-
old that is lower than the NF R-wave sensing threshold.
[0071] When available, P-sense signals produced by FF
event detector 224 in RV pacemaker 14 may be used by
control module 206 of RV pacemaker 14 to deliver atrial-
synchronized ventricular pacing. FF atrial events, however,
may be absent or undersensed by RV pacemaker 14, e.g., due
to changes in position of the electrodes 162 and 164 or other
conditions that alter the P-wave morphology. In some cases,
the T-wave and the P-wave may become indistinguishable.
Using the techniques disclosed herein, RV pacemaker 14 is
configured to adjust P-wave sensing criteria used by FF event
detector 224 to improve the reliability of P-wave sensing over
time and control ventricular pacing in a manner that maintains
a target AV interval when reliable P-sense signals are pro-
duced by FF event detector 224 and switch toa VVIor VVIR
pacing mode when reliable P-sense signals are not available.
[0072] Memory 210 may include computer-readable
instructions that, when executed by control module 206 and/
or sensing module 204, cause control module 206 and/or
sensing module 204 to perform various functions attributed
throughout this disclosure to pacemaker 100. The computer-
readable instructions may be encoded within memory 210.
Memory 210 may include any non-transitory, computer-read-
able storage media including any volatile, non-volatile, mag-
netic, optical, or electrical media, such as a random access
memory (RAM), read-only memory (ROM), non-volatile
RAM (NVRAM), electrically-erasable programmable ROM
(EEPROM), flash memory, or other digital media with the
sole exception being a transitory propagating signal. Memory
210 stores timing intervals, counters, or other data used by
control module 206 to control the delivery of pacing pulses by
pulse generator 202, e.g., by setting a pacing escape interval
timer included in control module 206, according to the tech-
niques disclosed herein.

[0073] Pacemaker 100 may further include one or more
physiological sensors 212 used for monitoring the patient.
Sensors 212 may include a pressure sensor, an acoustical
sensor, an oxygen sensot, or any other sensor used to monitor
a patient. In some examples, physiological sensors 212
include at least one physiological sensor producing a signal
indicative of the metabolic demand of the patient. The signal
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indicative of the patient’s metabolic demand is used by con-
trol module 206 for determining a sensor indicated pacing
rate used to control the heart rate to meet the patient’s meta-
bolic demand.

[0074] For example, sensors 212 may include an acceler-
ometer for producing a patient activity signal passed to con-
trol module 206. An accelerometer included in sensors 212
may be embodied as a piezoelectric crystal for producing a
signal correlated to patient body motion. The use of an accel-
erometer in an intracardiac device for obtaining a patient
activity signal is generally disclosed in U.S. patent applica-
tion Ser. No. 14/174,514 filed on Feb. 6, 2014 (Nikolski, et
al.), incorporated herein by reference in its entirety. The use of
a patient activity signal for providing rate-responsive pacing
is generally disclosed in U.S. Pat. No. 7,031,772 (Condie, et
al.), incorporated herein by reference in its entirety.

[0075] In other examples, sensors 212 may include a pos-
ture sensor for detecting changes in patient body posture. A
multi-dimensional accelerometer for detecting patient pos-
ture changes is generally disclosed in in U.S. Pat. No. 5,593,
431 (Sheldon), incorporated herein by reference in its
entirety. Posture changes may be detected for use in trigger-
ing an evaluation of P-wave sensing criteria used by the FF
event detector 224.

[0076] Power source 214 provides power to each of the
other modules and components of pacemaker 100 as required.
Control module 206 may execute power control operations to
control when various components or modules are powered to
perform various pacemaker functions. Power source 214 may
include one or more energy storage devices, such as one or
more rechargeable or non-rechargeable batteries. The con-
nections between power source 214 and other pacemaker
modules and components are not shown in FIG. 3 for the sake
of clarity.

[0077] Telemetry module 208 includes a transceiver and
associated antenna for transferring and receiving data via a
radio frequency (RF) communication link. Telemetry module
208 may be capable of bi-directional communication with
external device 20 (FIG. 1) as described above.

[0078] FIG. 4A is a functional block diagram 250 of sens-
ing and pacing control circuitry included in RV pacemaker 14
according to one example. RV pacemaker 14 includes an
R-wave detector 252, which may correspond to NF event
detector 222 in FIG. 3, and P-wave detector 262, which may
correspond to FF event detector 224 in FIG. 3. Both R-wave
detector 252 and P-wave detector 262 receive the ventricular
EGM signal developed across electrodes 162 and 164, which
may be passed through a pre-filter 251, e.g., 2.5 to 5 Hz high
pass filter or a wideband filter having a passband of 2.5 Hz to
100 Hz to remove DC offset and high frequency noise. The
signal passed by pre-filter 251 is referred to herein as a “raw
cardiac electrical signal” or “raw unfiltered EGM signal” 265
because the signal 265 is minimally filtered by a wideband
filter and is not yet filtered by a filter included in P-wave
detector 262 or R-wave detector 252. In other words, optimal
filtering for sensing cardiac electrical signals has not been
applied to the raw, unfiltered EGM signal 265. Pre-filter 251
may pass a differential or single-ended signal to R-wave
detector 252 and P-wave detector 262.

[0079] R-wave detector 252 includes a bandpass filter 254
for filtering the raw unfiltered EGM signal 265 within a
bandwidth including expected R-wave frequencies. R-wave
detector filter 254 passes a filtered signal to an analyzer 256
that may include a sense amplifier or other event detector that
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compares the filtered EGM signal to R-wave sensing criteria.
Expected R-wave frequencies may be in the range of approxi-
mately 30 Hz to 50 Hz. Filter 254 may have a center frequency
between 30 Hz and 50 Hz and a bandwidth as low as 20 Hz
and as high as 70 Hz in one example. An R-wave may be
sensed by analyzer 256 when the amplitude of the filtered
EGM signal crosses an R-wave sensing threshold, which may
be auto-adjusting sensing threshold. R-wave detector 252
passes an R-sense signal 258 to pace timing and control
module 270, which may be included in control module 206 of
FIG. 3. The R-sense signal 258 may also be passed to P-wave
detector 262 for use by analyzer 268 for sensing and discrimi-
nating P-waves (far-field events) from R-waves and T-waves
(both near field events).

[0080] Pace timing and control module 270 may include a
pacing escape interval timer that is set to a ventricular pacing
escape interval in response to receiving sense event signals
from R-wave detector 252 and P-wave detector 262. In
response to receiving R-sense signal 258 from R-wave detec-
tor 252, the pace timing and control module 270 inhibits a
scheduled pacing pulse and resets the pacing escape interval
timer to a VV pacing escape interval. The VV pacing escape
interval is set to control the ventricular rate. If the VV pacing
escape interval expires before pace timing and control mod-
ule 270 receives an R-sense signal 258 or P-sense signal 272,
aventricular pacing pulse is delivered by pulse generator 202
(FIG. 3). Pacing pulse delivery will start another VV pacing
escape interval. The VV pacing escape interval may be set
according to a base pacing rate to provide bradycardia pacing
or may be shortened from the base pacing rate interval to a
sensor-indicated rate response interval to provide a faster
pacing rate to meet the patient’s metabolic demand.

[0081] It is recognized that R-wave detector 252 may set
appropriate blanking and/or refractory intervals to avoid
oversensing. For example, after an R-sense signal 258 is
produced, a short ventricular blanking interval, e.g., up to 150
ms, may be applied to analyzer 256 such that the same
R-wave is not sensed more than once. A ventricular refractory
interval, e.g., up to 500 ms, may be applied after the blanking
interval to inhibit T-wave oversensing leading to false
R-sense signals. In various examples, with no limitation
intended, a ventricular refractory interval may be between
300 ms and 400 ms.

[0082] P-wave detector 262 includes a bandpass filter 264
for filtering the raw, unfiltered EGM signal 265 within a
bandwidth including expected P-wave frequencies and may
include expected T-wave frequencies and R-wave frequen-
cies. P-wave detector filter 264 may be an adjustable band-
pass filter that is automatically adjusted by sensing module
204 (under the control of control module 206 in some
examples) to promote separation of P-wave signals from
T-wave and R-wave signals. Separation of P-wave signals
from T- and R-wave signals may be based on peak signal
amplitude, slew rate or other morphology features, and/or
time of occurrence in the filtered EGM signal 266.

[0083] Generally, T-waves may have a lower frequency,
e.g., 10 Hz or lower, than the frequencies of P-waves and
R-waves, e.g., 15 Hz or higher and 30 Hz or higher respec-
tively. In one example, filter 264 is nominally adjusted to be a
20to 70 Hz bandpass filter, but both the high and low ends of
the bandpass can be adjusted. However, a “typical” signal
frequency may change with changes in electrode position,
electrode spacing or other factors. By adjusting a center fre-
quency and bandwidth for filter 264, the P-wave signal may
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be enhanced and the T-wave signal may be attenuated such
that P-wave and T-wave discrimination is reliable. In other
words, if the filter bandpass largely eliminates the T-wave
from filtered signal 266, a P-wave sensing threshold may be
used to detect P-waves when the amplitude of T-waves is
distinctly smaller due to optimal filtering of T-waves.

[0084] In other examples, the center frequency and/or
bandpass width of filter 264 may be adjusted to intentionally
increase the T-wave amplitude in filtered EGM signal 266 so
that the P-wave amplitude is distinctly lower than the T-wave
amplitude. Analyzer 268 receives the filtered EGM signal 266
and includes a rectifier for rectifying the filtered EGM signal
266 and a sense amplifier or other cardiac event detector that
receives the rectified, filtered signal for comparison to a
P-wave sensing threshold used for sensing P-waves from the
filtered EGM signal 266. The cardiac event detector included
in analyzer 268 may further apply a T-wave sensing threshold
that is higher than the P-wave sensing threshold to enable
sensing of P-waves when the filtered EGM signal 266
exceeds the P-wave sensing threshold but not the T-wave
sensing threshold. A P-sense signal 272 is produced in
response to sensing a P-wave.

[0085] It is recognized that P-wave detector 262 may set
relevant blanking and/or refractory periods used by analyzer
268 to avoid oversensing. For example, after a P-sense signal
272 is produced, an atrial refractory period, e.g., up to S00 ms,
may be applied, during which P-sense signals 272 are not
used by pace timing and control module 270 for setting the
escape interval timer. Additionally, P-wave detector 262 may
set an atrial blanking period in response to R-sense signal 258
during which no P-sense signals 272 are produced, followed
by a post-ventricular atrial refractory period during which a
P-sense signal 272 is ignored by pace timing and control
module 270.

[0086] The filtered EGM signal 266 and/or the raw, unfil-
tered EGM signal 265 received from electrodes 162 and 164
may be passed to analyzer 268 for comparison to P-wave
sensing criteria. Analyzer 268 may compare the filtered EGM
signal 266 to amplitude criteria, frequency criteria, timing
criteria relative to an R-sense signal 258 received from
R-wave detector 252, morphology criteria, or any combina-
tion thereof for sensing a P-wave. Analyzer 268 may include
a digital converter for obtaining multi-bit digital EGM signal
samples used for determining and comparing EGM signal
features to P-wave sensing criteria.

[0087] In some examples, analyzer 268 receives the raw,
unfiltered EGM signal 265 from electrodes 162 and 164 to
perform comparisons between suspected T-waves and sus-
pected P-waves present in the filtered EGM signal 266 to
P-waves and T-waves that can be identified in the unfiltered
EGM signal 265. Comparisons of the raw, unfiltered EGM
signal P-waves and T-waves may be used to establish P-wave
sensing criteria that distinguish P-waves from T-waves as
described in greater detail below. Analyzer 268 may auto-
matically adjust the P-wave sensing criteria used by analyzer
268 as needed to discriminate P-waves from T-waves based
on analysis of the raw unfiltered EGM signal 265 and/or
filtered EGM signal 266.

[0088] In some examples, filter 264 may provide filtered
EGM signal 266 and another alternate filtered EGM signal
267 for comparison to the filtered EGM signal 266 for iden-
tifying P-waves and T-waves. For example, alternate filtered
EGM signal 267 may have the same or a different center
frequency and broader bandwidth than filtered EGM signal
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266. As described below in conjunction with FIG. 8, the
filtered EGM signal 266 may be analyzed to confirm that
P-waves are being discriminated from T-waves. If P-wave
sensing cannot be confirmed based on analyzing filtered
EGM signal 266 alone, the unfiltered EGM signal 265 or an
alternate filtered EGM signal 267 may be analyzed to identify
P-waves and/or T-waves and compare the occurrence of
P-waves and/or T-waves in the unfiltered or alternate filtered
EGM signals 265 and 267, respectively, to the filtered EGM
signal 266 to improve P-wave sensing criteria and confirm
P-wave discrimination from T-waves by P-wave detector 262.
[0089] Comparisons between P-waves and T-waves identi-
fied on the unfiltered EGM signal 265 by analyzer 268 may be
made to improve discrimination and separation of P-waves
and T-waves in the filtered EGM signal 266. For example,
sensing module 204 may adjust filter 264 for increasing
amplitude separation of P-waves and T-waves and/or adjust a
T-wave sensing window to separate P-waves and T-waves
based on time.

[0090] Comparisons between the P-waves and T-waves
within and between the unfiltered EGM signal 265 and fil-
tered EGM signal 266 may be used by analyzer 268 to auto-
matically adjust the center frequency and/or bandwidth of
filter 264 to increase amplitude separation of P-waves and
T-waves by reducing the T-wave signal strength and/or
increase the P-wave signal strength in the filtered EGM signal
266. The bandpass of filter 264 may be narrowed for example,
to reduce the signal strength of the T-wave in the filtered EGM
signal 266. If the P-wave frequency is approximately 20 Hz
and the T-wave frequency is approximately 10 Hz, for
example, the center frequency of filter 264 may be set at 20
Hz. If the P-wave is relatively narrow, e.g., due to the elec-
trodes being closer to the atria, a higher center frequency, e.g.,
30 Hz may be used. If the P-wave is relatively wide, e.g., due
to the electrodes being further from the atria, a lower center
frequency, for example less than 20 Hz may be used. The
bandwidth may be set to attenuate lower frequencies, e.g., 10
Hz and lower, which are more typical of T-waves.

[0091] In other examples, filter 264 is adjusted to increase
the T-wave amplitude in the filtered EGM signal 266 to pro-
vide greater amplitude separation between P-waves and
T-waves. T-wave amplitude may be intentionally increased by
adjusting the center frequency of filter 264 to a lower center
frequency, e.g., 10 Hz, or increasing its bandwidth in the
lower frequency range, e.g., frequencies less than 15 Hz. If
T-waves and P-waves have similar amplitudes on the unfil-
tered EGM signal 265 but different signal widths, the P-wave
detector filter 264 may be adjusted to increase the T-wave
amplitude to allow amplitude thresholds to be used to dis-
criminate between P- and T-waves in the filtered EGM signal
266.

[0092] Analyzer 268 may set a T-wave sensing window in
response to R-sense signal 258 to encompass a time interval
that a T-wave is likely to occur (and a P-wave is less likely to
occur) for discriminating T-waves from P-waves. The start
time and/or duration of a T-wave sensing window set in
response to the R-sense signal 258 may be adjusted, automati-
cally by analyzer 268, to separate P-waves from T-waves. For
example, analyzer 268 may shorten the duration of the
T-wave sensing window in response to an increase in the
sensed or paced ventricular rate.

[0093] A P-sense signal 272 is passed to pace timing and
control module 270 in response to P-wave sensing criteria
being met. Pace timing and control module 270 starts the
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pacing escape interval timer in response to the P-sense signal
272 by setting the pacing escape interval timer to an AV
interval. As described below, an initial P-sense signal 272
may be passed to pace timing and control module 270 in
response to the amplitude of the filtered EGM signal 266
crossing a P-wave sensing threshold. The P-wave sensing
threshold is set lower in amplitude than an R-wave sensing
threshold. As such, a signal crossing the P-wave sensing
threshold may be a P-wave, an R-wave or a T-wave. Analyzer
268 analyzes the signal after a crossing of the P-wave sensing
threshold occurs to confirm that the signal is a true P-wave.

[0094] Confirmation of a sensed P-wave may be delayed
following the crossing of the P-wave sensing threshold due to
additional time needed to verify that the sensed signal is not
an R-wave or a T-wave. For example, subsequent to the cross-
ing of the P-wave sensing threshold, analyzer 268 may wait
for a T-wave sensing threshold crossing and/or an R-wave
sensing threshold crossing to verify that the sensed P-wave
threshold crossing is a true P-wave. During the AV interval
started upon the P-sense signal 272 produced when the fil-
tered EGM signal 266 crossed the P-wave sensing threshold,
analyzer 268 may determine one or more EGM signal fea-
tures such as a peak amplitude, frequency content, slew rate,
morphology, timing relative to an R-sense signal 258 and/or
perform other signal analysis to confirm that the crossing of
the P-wave sensing threshold is a true P-wave.

[0095] In some examples, analyzer 265 includes a differ-
entiator and/or an integrator for producing a differential EGM
signal from the raw unfiltered signal 265 and/or from the
filtered EGM signal 266 for use in confirming a sensed
P-wave. For example, a slew rate and/or amplitude of the
differential signal may reliably discriminate a sensed P-wave
from a T-wave because the T-wave may be strongly attenuated
in the differential signal making the slew rate of the differen-
tial signal a strong discriminator in some instances. In another
example, the integrated T-wave signal may be a larger wider
signal than the integrated P-wave signal facilitating identifi-
cation and clear discrimination of a T-wave from a P-wave.
Examples of a raw, unfiltered signal 265, a filtered signal 266,
a differential signal and an integrated signal produced by
analyzer 268 are shown in FIG. 7B and described below.

[0096] If the signal sensed by P-wave detector 262 is not
confirmed as a true P-wave, a Cancel P-sense signal 274 may
be passed to pace timing and control module 270. Pace timing
and control module 270 may reset, adjust or cancel the AV
pacing escape interval in response to the Cancel P-sense
signal 274. If the crossing of the P-wave sensing threshold is
confirmed to be a true P-wave signal by analyzer 268, the pace
timing and control module 270 controls pulse generator 202
to deliver a pacing pulse upon expiration of the AV pacing
escape interval.

[0097] In some cases, the P-waves and T-waves are indis-
tinguishable from each other on the raw unfiltered EGM
signal 265 and filtered EGM signals 266 and 267 based on
frequency, amplitude, morphology and timing. If analyzer
268 determines that P-waves and T-waves are indistinguish-
able, the P-wave detector 262 may be temporarily disabled
and/or pace timing module 270 may be disabled from receiv-
ing orusing P-sense signals 272 for the purposes of setting the
ventricular pacing escape interval timer. The RV pacemaker
14 operates in a single chamber ventricular pacing and sens-
ing mode until analyzer 268 determines that P-waves and
T-waves are distinguishable again.
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[0098] The techniques disclosed herein are described in the
context of RV pacemaker 14 having a NF event detector 222
shown in FIG. 3 for detecting NF R-waves (which may cor-
respond to R-wave detector 252 in FIG. 4A) and a FF event
detector 224 shown in FIG. 3 for detecting FF P-waves
(which may correspond to P-wave detector 262 in FIG. 4A).
It is understood that the disclosed techniques described in the
context of a RV pacemaker implementation may be adapted
for use in RA pacemaker 12. In such embodiments, the NF
event detector 222 is configured to detect NF P-waves and the
FF event detector 224 is configured to detect FF R-waves (and
optionally FF T-waves). In this case, R-wave detector 252
may correspond to the FF event detector 224 and may have an
adjustable filter 254 that is automatically adjusted to increase
separation of FF R-waves from NF P-waves and FF T-waves
in time, amplitude and/or morphology in the filtered cardiac
electrical signal.

[0099] In the examples described below in conjunction
with FIGS. 5A, 5B and 5C, cardiac event sensing thresholds
are described based on detecting FF P-waves from a cardiac
electrical signal received by RV pacemaker 14. In RA pace-
maker implementations, the relative amplitudes of these car-
diac event sensing thresholds may change based on the
expected relative amplitudes of the NF P-wave, FF R-wave
and FF T-wave in a filtered cardiac electrical signal produced
by the RA pacemaker FF event detector 224.

[0100] FIG. 4B is a depiction of raw unfiltered EGM sig-
nals 280, 282 and 284 received by P-wave detector 262. The
raw unfiltered EGM signals 280, 282, and 284 may corre-
spond to raw, unfiltered EGM signal 265 shown in FIG. 4A
passed by pre-filter 251 after wideband filtering to remove
DC offset and high frequency noise. The three raw, unfiltered
EGM signals 280, 282, and 284 are acquired using electrodes
positioned at three different inter-electrode spacings. Signal
280 is acquired using an inter-electrode spacing of 131 mm.
Signal 282 is acquired using an inter-electrode spacing of 100
mm, and signal 284 is acquired using an inter-electrode spac-
ing of 60 mm in this example. The greater inter-electrode
spacing may be achieved using a sensing extension, e.g., as
shown in FIG. 2B.

[0101] As observed in FIG. 4B, the amplitude and mor-
phology of the P-waves 286a, 2865 and 296c may change
substantially with increasing inter-electrode distance. The
R-waves 288a, 2885 and 288¢, and T-waves 290a, 2905, and
290c¢ do not change as substantially with inter-electrode dis-
tance in the examples shown. The effect of inter-electrode
spacing on the P-wave and the relative differences between
P-waves, R-waves T-waves may vary with implant position of
electrodes 162 and 164 as well as inter-electrode spacing.
[0102] In the example shown, the maximum peak ampli-
tude and maximum slope of P-waves 2864, 2865, and 286¢
are observed to increase with increasing inter-electrode spac-
ing because the proximal return electrode 162 may be posi-
tioned closer to atrial tissue. The increased inter-electrode
spacing may therefore be used to acquire P-waves having a
higher amplitude that is more easily detected by a P-wave
sensing threshold crossing applied by P-wave detector ana-
lyzer 268. The higher amplitude of P-wave 286a, for
example, is still easily distinguishable from the R-wave
amplitude, e.g., by using a P-wave sensing threshold set well
above EGM baseline variation but lower than the R-wave
peak amplitude as described in greater detail below. In some
cases, analyzer 268 may further apply an intermediate T-wave
sensing threshold greater than the P-wave sensing threshold
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and less than the R-wave sensing threshold to distinguish the
P-wave 2864, 2865 or 286¢ from the T-wave 290a, 2905, or
290c. In other cases, the enhanced peak amplitude of P-wave
286a and high slew rate or other distinct morphology features
of the P-wave 286a may enable sensing of P-wave 286a by
analyzer 268 without requiring an intermediate T-wave sens-
ing threshold.

[0103] FIG. 4C is a depiction of filtered, rectified EGM
signals 280", 282', and 284' produced after filtering and rec-
tifying the respective unfiltered EGM signals 280, 282 and
284 of FIG. 4B by P-wave detector 262. Signals 280", 282' and
284" are filtered by a 20 Hz highpass filter in this example,
resulting in significant attenuation of T-waves 2964, 2965 and
296¢ compared to respective raw, unfiltered T-waves 290a,
2906 and 290c¢ shown in FIG. 4B. As described below, in
some examples sensing of P-waves 2924, 2925 or 292¢ from
the filtered EGM signal 266 received by analyzer 268 may be
confirmed when a T-wave 290a, 2905 or 290¢ can be identi-
fied from the raw, unfiltered EGM signal 265 (e.g., T-wave
290a, 2905, or 290¢ of raw, unfiltered EGM signals 282, 284
or 286, respectively) that is not coincident with a P-sense
signal 272.

[0104] Inother examples, the T-wave may still be present in
the filtered EGM signal 266 with an amplitude that interferes
with amplitude-based P-wave sensing in which case addi-
tional P-wave sensing criteria may be applied by analyzer 268
for sensing P-waves. Additional P-wave sensing criteria may
be based on the higher slope (i.e., slew rate), narrow signal
width or other waveform morphology differences of the
P-wave 292a, 2925 or 292¢ compared to the lower slope and
higher signal width of the T-wave 2964, 2965 or 296¢.
[0105] P-wave detector analyzer 268 may additionally or
alternatively apply a T-wave sensing window 298, also
referred to herein as a “T-wave window,” for confirming a
P-wave sensing threshold crossing as a P-wave. T-wave win-
dow 298 may be applied after a post-sense blanking period
295 following an R-sense signal 258 produced by R-wave
detector 252 (or upon detecting an R-wave sensing threshold
crossing of filtered EGM signal 266 by P-wave detector ana-
lyzer 268 as described below in conjunction with FIG. 5B).
Post-sense blanking period 295 may be applied by R-wave
detector 252 (or P-wave detector 262) to avoid double-sens-
ing of R-wave 294a, 2945 or 294¢. A maximum peak ampli-
tude may be determined during blanking period 295 for set-
ting the starting value of an auto-adjusting R-wave sensing
threshold used by R-wave detector 252 and/or P-wave detec-
tor 262.

[0106] The T-wave window 298 may be applied to exclude
P-wave sensing threshold crossings during T-wave window
298 from being sensed as P-waves in some examples. As
described in greater detail below, T-wave window 298 may be
adjusted to provide temporal discrimination of P-waves
292a-c from T-waves 296a-c, respectively. T-wave sensing
window 298 may be adjusted in response to heart rate
changes, in response to changes between a ventricular paced
rhythm and a sensed intrinsic ventricular rhythm, and as
needed to provide reliable P-wave sensing and discrimination
from T-waves.

[0107] FIGS. 5A, 5B, and 5C are diagrams of a P-wave,
R-wave and T-wave of a filtered EGM signal 266 after recti-
fication by analyzer 268. Various sensing thresholds 304, 306
and 308 used by the sensing and pacing control circuitry
shown in FIG. 4A for sensing P-waves and controlling a
pacing escape interval timer are shown. FIG. 5A is a concep-
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tual diagram of a P-wave 302 of filtered ventricular EGM
signal 266 after rectification by analyzer 268 of F1IG. 4A. The
analyzer 268 of P-wave detector 262 may apply at least two
sensing thresholds 304 and 306 to the amplitude of EGM
signal 266 and may apply a third intermediate threshold 308.
The first sensing threshold 304 is a relatively lower, P-wave
sensing threshold and enables relatively low amplitude
P-wave 302 to be sensed. Sensing module 204 may set the
P-wave sensing threshold 304 to a value that is expected to be
less than a maximum peak amplitude of P-waves of the EGM
signal 266, such as P-wave 302.

[0108] As the filtered EGM signal 266 begins to rise from a
baseline, it will cross the lowest amplitude P-wave sensing
threshold 304 first. The filtered EGM signal 266 may con-
tinue to increase to cross the second, R-wave sensing thresh-
01d 306. The second, R-wave sensing threshold 306 is greater
than the P-wave sensing threshold 304. An intermediate,
T-wave sensing threshold 308 may be defined that is greater
than the P-wave sensing threshold 304 and less than the
R-wave sensing threshold 306.

[0109] Insome examples, the P-wave detector filter 264 is
tuned to eliminate T-waves from the EGM signal 266 or
reduce the maximum T-wave signal amplitude to be consis-
tently less than P-wave sensing threshold 304. In such cases,
the intermediate threshold 308 is not required. In other
examples, P-wave detector filter 264 is tuned to enhance or
maximize T-wave amplitude so that it is consistently greater
than the amplitude of P-wave 302. The intermediate, T-wave
sensing threshold 308 may be defined to discriminate
between the P-wave 302 and T-waves having consistently
higher amplitude.

[0110] When the filtered EGM signal 266 crosses the
P-wave sensing threshold 304 at 312, it is unknown whether
the EGM signal 266 will continue to increase in amplitude
and cross the R-wave sensing threshold 306 or T-wave sens-
ing threshold 308. The early increasing portion of the EGM
signal 266 could be a P-wave, T-wave or R-wave. The P-wave
sensing threshold crossing alone is not enough evidence to
confirm P-wave 302.

[0111] If the EGM signal 266 crosses the P-wave sensing
threshold 304 outside of any atrial blanking period, atrial
sensing refractory period, or T-wave window, the threshold
crossing at 312 is preliminarily determined to be a P-wave
signal. A P-sense signal 272 may be produced by P-wave
detector 262 and used by pace timing and control 270 to start
aventricular pacing escape interval set equal to the target AV
interval at block 320. In one example, if the EGM signal 266
does not cross the R-wave sensing threshold 306 or the
T-wave sensing threshold 308 (if used) during a predeter-
mined time limit 310, the P-wave threshold crossing at 312 is
determined to be evidence of a P-wave. The AV pacing escape
interval timer started upon P-wave threshold crossing 312 is
allowed to continue without adjustment at block 322.

[0112] Insomeexamples, EGM signal 266 is determined to
cross the higher R-wave sensing threshold 306 or T-wave
sensing threshold by determining the maximum peak ampli-
tude of the rectified filtered EGM signal 266 after the first
threshold crossing 312 and comparing the maximum peak
amplitude to the respective higher threshold 308 or 306. If the
maximum peak amplitude of the signal 302 after crossing the
P-wave sensing threshold 304 is not greater than at least one
of the higher thresholds 306 or 308, the threshold crossing
312 is confirmed to be a P-wave and the AV pacing escape
interval timer continues to run.
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[0113] Ifthe AV escapeinterval expires a ventricular pacing
pulse is delivered at the target AV interval. In other examples,
as described below, P-wave detector 262 may perform addi-
tional signal analysis to confirm that the P-wave threshold
crossing is a P-wave during the AV interval. The cancel
P-sense signal 274 may be produced by P-wave detector 262
if additional signal analysis fails to confirm the P-wave.

[0114] Thetime limit 310 may be set by the sensing module
204 to a nominal value, e.g., 120 ms or based on an expected
cardiac event width or slope of the filtered cardiac electrical
signal, e.g., an R-wave width, R-wave slope, T-wave width, or
T-wave slope, such that if the EGM signal crossing of the
P-wave sensing threshold is actually an R-wave or T-wave, a
higher R-wave sensing threshold or T-wave sensing threshold
will be crossed within the time limit following the P-wave
sensing threshold crossing. The time limit is set shorter than
an expected P-R interval to reduce the likelihood of two
different events, e.g., one P-wave and one R-wave, being
sensed within the time limit.

[0115] Forexampleiftimelimit310 issetto at leasthalf'the
expected T-wave width or at least half of the expected R-wave
width of the filtered cardiac electrical signal, e.g., up to 80 ms,
the EGM signal 266 will cross the respective T-wave sensing
threshold 308 or R-wave sensing threshold 306 within the
time limit 310 if the rising amplitude of the EGM signal is
actually due to a T-wave or R-wave instead of P-wave 302.
Time limit 310 may be established by analyzer 268 of P-wave
detector 262 by determining the lowest slope or the widest
signal width ofa T-wave or R-wave in the filtered EGM signal
266. Alternatively time limit 310 is a nominal value stored in
RV pacemaker memory 210, which may be based on clinical
data and any expected delays in the filtered cardiac electrical
signal.

[0116] FIG. 5B is a conceptual diagram of an R-wave 330
of a ventricular EGM signal 266. When EGM signal 266
crosses the P-wave sensing threshold 304 at time 332, the
escape interval timer is set to an AV interval at block 334. If
the EGM signal 266 crosses the R-wave amplitude 306 within
the time limit 310, the escape interval timer started at block
334 isadjusted to a VV interval at block 336 in response to the
R-wave sensing threshold crossing.

[0117] Insomeexamples,the P-wave detector analyzer 268
may set the R-wave sensing threshold 306. Alternatively, the
separate R-wave detector 252 (shown in FIG. 4A) produces
an R-sense signal 258 in response to an R-wave 330, which
causes the pace timing and control module 270 to reset the
pacing escape interval timer to the VV interval at block 336,
effectively cancelling the relatively shorter AV interval
started at block 334.

[0118] FIG. 5C is a conceptual diagram of a T-wave 340 of
the filtered EGM signal 266. In some examples, P-wave
detector filter 264 is adjusted to minimize the T-wave ampli-
tude in the filtered EGM signal 266 such that only a P-wave
sensing threshold 304 and R-wave sensing threshold 306 are
used for controlling the ventricular escape interval as
described in conjunction with FIGS. 5A and 5B. In other
examples, the T-wave amplitude may be higher than the
P-wave amplitude in the filtered EGM signal 266. In this case,
the T-wave threshold 308, intermediate the P-wave amplitude
304 and R-wave amplitude 306, is used to discriminate
between P-waves 302 and T-waves 340. The amplitude of
T-wave 340 may be intentionally increased through adjusting
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the center frequency and bandwidth of filter 264 to provide
amplitude discrimination between P-waves 302 and T-waves
340.

[0119] When EGM signal 266 crosses the P-wave sensing
threshold 304 at time 342, the escape interval timer is set to an
AV interval at block 344. If the EGM signal 266 crosses the
intermediate T-wave amplitude 308 within the time limit 310,
the AV escape interval is cancelled at block 346 without
setting a new pacing escape interval. If the EGM signal 266
does not cross the R-wave sensing threshold 306, no change
is made at block 348, i.e., the escape interval remains can-
celled and no new escape interval is started. In this way, the
T-wave 340 is ignored for the purposes of starting an escape
interval and detection of the T-wave threshold crossing with
no R-wave threshold crossing within time limit 310 cancels
the AV interval started upon the P-wave threshold crossing. If
the EGM signal 266 crosses R-wave threshold 306 during
time limit 310 after crossing T-wave threshold 308, a pacing
escape interval set to a desired VV interval may be started.

[0120] Alternatively, instead of waiting for another thresh-
old crossing, a maximum peak amplitude of the filtered EGM
signal 266 (after rectification) is determined in response to the
P-wave sensing threshold crossing 342. If the maximum
amplitude of the signal peak occurring after the P-wave sens-
ing threshold crossing 304 is greater than the R-wave sensing
threshold 306, the AV pacing escape interval is changed to a
VV pacing escape interval. If the maximum peak amplitude is
greater than the T-wave sensing threshold 308, when used as
an intermediate threshold, but not greater than the R-wave
sensing threshold 306, the AV pacing escape interval is can-
celed.

[0121] Intheexamples of FIGS.5A, 5B, and 5C the P-wave
sensing threshold 304, T-wave sensing threshold 308 and
R-wave sensing threshold 306 are each shown as constant
values. It is contemplated that a cardiac event sensing thresh-
old is an auto-adjusting threshold that has a starting threshold
amplitude that decays at one or more decay rates to a sensing
floor. In some examples, the cardiac event sensing thresholds
described herein may be automatically adjusted by the sens-
ing module 204 based on maximum peak cardiac event ampli-
tude determined during a post-sense blanking interval and
optionally using one or more decay rates and intervals and/or
step-drop times.

[0122] Inthe example described above, the pace timing and
control module 270 responds to a P-wave threshold crossing,
T-wave threshold crossing and R-wave threshold crossing as
it occurs by starting an AV escape interval, cancelling the AV
escape interval or changing to a VV escape interval respec-
tively. In other examples, the pace timing and control module
270 may wait for the time limit 310 to expire before respond-
ing to a threshold crossing and/or P-wave detector 262 may
wait for time limit 310 to expire before producing the P-sense
signal 272. Ifonly a P-wave sensing threshold crossing occurs
during time limit 310, the P-sense signal 272 is produced at
the expiration of time limit 310. The pace timing and control
module 270 starts the escape interval timer set to the target AV
interval (less time limit 310) in order to deliver the ventricular
pacing pulse at the target AV interval after P-wave 302. If the
R-wave sensing threshold 306 is crossed before time limit
310 expires, pace timing and control module 270 starts a VV
interval at block 336 at the expiration of the time limit 310. If
the intermediate T-wave sensing threshold 308 is crossed
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during time limit 310 but R-wave sensing threshold 306 is not
crossed, no P-sense signal 272 is produced and no escape
interval is started.

[0123] The initial crossing of the P-wave sensing threshold
304 is invalidated as a true P-wave signal if the EGM signal
amplitude reaches the higher T-wave sensing threshold 308 or
R-wave sensing threshold 306 within time limit 310. The
P-wave detector 262 may produce the Cancel P-sense signal
274 in response to a crossing of the T-wave sensing threshold
308 or R-wave sensing threshold 306 to cause pace timing
and control module 270 to cancel an AV interval started at
block 344.

[0124] Insome cases, it may be possible to adjust filter 264
to cause the amplitude of T-wave 340 to be greater than the
amplitude of R-wave 330, depending on the location of elec-
trodes 162 and 164. The T-wave threshold would be the high-
est threshold and the R-wave threshold would be the interme-
diate threshold in this case. If the EGM signal 266 crosses the
P-wave threshold, the AV interval is started. If the intermedi-
ate R-wave threshold is crossed, the AV interval is changed to
a VV interval. If the highest, T-wave threshold is crossed, the
VYV interval is cancelled.

[0125] FIG. 6 is aflow chart 300 of a method for controlling
ventricular pacing pulse delivery using FF P-wave sensing by
RV pacemaker 14. Methods described in conjunction with
flow chart 300 and other flow charts presented herein may be
implemented in a computer-readable medium that includes
instructions for causing a programmable processor to carry
out the methods described. The instructions may be imple-
mented as one or more software modules, which may be
executed by themselves or in combination with other soft-
ware.

[0126] At block 350, a P-wave threshold crossing is
detected by P-wave detector 262. It is recognized that the
P-wave threshold crossing detected at block 350 used for
setting an AV pacing escape interval may be required to occur
outside an atrial blanking interval and outside a post-ventricu-
lar atrial refractory period.

[0127] Furthermore, a T-wave window may be established
by P-wave detector 262 for discriminating between P-waves
and T-waves based on relative timing from an R-wave. After
receiving an R-sense signal 258, P-wave detector 262 may
start a T-wave window during which any P-wave sensing
threshold crossings are ignored as most likely being T-waves.
As such, if the P-wave sensing threshold crossing detected at
block 350 is during a T-wave window as determined at block
351, the P-wave detector 262 may return to block 350 to wait
for the next P-wave threshold crossing. The T-wave window
may begin upon receiving the R-sense signal 258 (or upon
delivering a ventricular pacing pulse) and expire at a time
interval after the R-sense signal 258 (or ventricular pacing
pulse) that is expected to encompass a T-wave but not the
P-wave of the next cardiac cycle. The T-wave window may be
approximately 300 to 600 ms long in some examples, and
may extend at least approximately 500 ms after the R-wave
during resting heart rates. The T-wave window may be
adjusted based on heart rate and/or based on whether the
T-wave window is set in response to an R-sense signal 258 or
in response to a ventricular pacing pulse.

[0128] If a non-refractory P-wave threshold crossing is
detected outside a T-wave window (“yes” branch of block
351), the P-wave detector 262 starts the time limit 310 (shown
in FIGS. 5A-5C) at block 352. The P-wave detector 262 may
produce a P-sense signal 272, and pace timing and control
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module 270 responds to the P-sense signal by setting the
ventricular pacing escape interval timer to an AV interval at
block 354. If a T-wave sensing threshold crossing is detected
at block 355 before the time limit 310 expires (block 356),
P-wave detector 262 may produce a Cancel P-sense signal
274 (FIG. 4A) causing pace timing and control 270 to imme-
diately cancel the pacing escape interval at block 362.
[0129] Alternatively, the pace timing and control module
270 may wait for the time limit 310 to expire to determine if
an R-wave sensing threshold crossing is detected at block
358. If the T-wave sensing threshold is crossed (block 355),
but the R-wave sensing threshold is not reached (block 358)
before the time limit expires (block 360), the AV pacing
escape interval started at block 354 is cancelled at block 362.
It is to be understood that in some examples, the P-wave
detector filter 264 eliminates or significantly attenuates
T-wave signals so that the peak T-wave amplitude is signifi-
cantly smaller than the peak P-wave amplitude. In this case, a
T-wave sensing threshold may not be required. Pace timing
and control module 270 may monitor only for an R-wave
sensing threshold crossing at block 358 within the time limit
310 after the P-wave sensing threshold crossing.

[0130] Ifthe R-wave sensing threshold is crossed within the
time limit at block 358, the pace timing and control module
270 changes the pacing escape interval timer from the AV
interval set at block 354 to a VV interval at block 364. The
crossing of an R-wave sensing threshold may be determined
by R-wave detector 252 at block 358, resulting in an R-sense
signal 258, or by P-wave detector 262 causing a Cancel
P-sense signal 274 to be produced.

[0131] Asindicated above, rather than waiting for a T-wave
threshold crossing at block 355 or an R-wave threshold cross-
ing at block 358, the P-wave detector 262 may determine a
maximum peak amplitude of the filtered EGM signal 266
after the P-wave threshold crossing and compare the maxi-
mum peak amplitude to a T-wave threshold and/or R-wave
threshold at respective blocks 355 and 358.

[0132] During the VV pacing escape interval, the R-wave
detector 252 and P-wave detector 262 may continue to moni-
tor for R-waves and P-waves at block 368 by monitoring for
a new P-wave sensing threshold crossing outside any appli-
cable atrial blanking or refractory periods. For example an
atrial blanking interval and a post-ventricular atrial refractory
period may be set after the R-wave sensing threshold crossing
is detected at block 358. If a new crossing of the P-wave
sensing threshold is detected at block 368, during the cur-
rently running escape interval but outside any atrial blanking
or refractory, and outside the T-wave window as determined
at block 351, the pace timing and control module 270 restarts
the time limit at block 352. The ventricular pacing escape
interval timer is reset to the target AV interval at block 354.
The process of waiting to confirm the threshold crossing as a
P-wave based on no higher sensing threshold crossings within
the time limit repeats.

[0133] If the AV pacing escape interval set at block 354
expires at block 366, the pace timing and control module 270
controls the pulse generator 202 to deliver a ventricular pac-
ing pulse at block 370. In some examples, the AV pacing
escape interval is set up to a maximum AV pacing escape
interval limit to prevent delivering a ventricular pacing pulse
during the T-wave following a premature ventricular contrac-
tion (PVC). A PVC may meet the P-wave sensing criteria and
be falsely sensed as a P-wave, causing an AV pacing escape
interval to be started. If the AV interval is longer than a
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maximum limit, e.g., longer than 200 to 300 ms, the ventricu-
lar pacing pulse may be delivered during the T-wave which
can be arrhythmogenic in some patients.

[0134] IftheVV pacing escape interval started at block 364
in response to a crossing of the R-wave sensing threshold
expires at block 366, a ventricular pacing pulse is delivered at
block 370 by the pulse generator 202 under the control of pace
timing and control module 270.

[0135] A ventricular pulse delivery causes pace timing and
control 270 to reset the escape interval timer to a VV pacing
escape interval at block 372. The process returns to block 366
after starting the VV pacing escape interval to wait for the
escape interval to expire while monitoring for a new P-wave
sensing threshold crossing at block 368 during the escape
interval but outside any relevant blanking or refractory win-
dow.

[0136] FIG.7Aisaflow chart 380 of a method for verifying
a P-wave sense event during an AV interval set in response to
a P-wave sensing threshold crossing. As described in con-
junction with FIG. 6, P-wave detector 262 detects a P-wave
sensing threshold crossing and starts a time limit for sensing
anext, higher sensing threshold. The pace timing and control
module 270 sets the escape interval timer to the target AV
pacing escape interval. If the time limit expires without sens-
ing a higher sensing threshold crossing, the AV interval will
be running as indicated at block 382. During this AV interval,
additional operations may be performed by P-wave detector
262 to verify that the P-wave sensing threshold crossing is a
true P-wave. The process shown in FIG. 7A may therefore be
performed after the time limit 310 expires and before the AV
interval expires to confirm that the signal is a P-wave before
delivering a ventricular pacing pulse at block 370 of FIG. 6.
[0137] P-wave sensing criteria may be applied to the fil-
tered EGM signal 266 and/or the raw unfiltered EGM signal
265 at block 384. In one example, a P-wave analysis segment
may be digitized and stored extending from the P-wave sens-
ing threshold crossing (or a defined time interval or number of
sample points earlier) until a defined time interval after the
P-wave sensing threshold crossing. The P-wave analysis seg-
ment may be set based on an expected P-wave width for
example. The signal during the P-wave analysis segment is
compared to P-wave sensing criteria at block 384.

[0138] P-wave sensing criteria may include a maximum
and/or minimum signal width, signal slope, number of inflec-
tion points, frequency content or other signal feature thresh-
old. One or more EGM signal features during the P-wave
analysis segment, of either the filtered EGM signal 266 or the
raw unfiltered EGM signal 265, not meeting the P-wave sens-
ing criteria may disqualify the P-wave sensing threshold
crossing as a true P-wave.

[0139] In other examples, P-wave sensing criteria may
include time interval ranges relative to a previous T-wave or
R-wave sensing threshold crossing, or relative to an R-sense
signal 258, to discriminate between the expected timing of a
P-wave (after a preceding R-wave or a T-wave) and the
expected timing of a T-wave (after the preceding R-wave).
For example, if the P-wave sensing threshold crossing occurs
within a T-wave window set relative to an R-wave sense event
signal, this timing evidence may be used to disqualify the
P-wave sensing threshold crossing as a true P-wave. If the
P-wave sensing threshold crossing occurs outside the T-wave
sensing window, the crossing of the P-wave sensing threshold
may be confirmed as a P-wave as long as the EGM signal
meets any other P-wave sensing criteria requirements.
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[0140] In still other examples, P-wave sensing criteria
applied at block 384 may include criteria applied to a com-
parison of the P-wave signal analysis segment to an overall
waveform morphology template. Sample points of the fil-
tered, digitized EGM signal acquired at regular sampling
intervals across the entire signal analysis segment may be
compared to a previously stored known P-wave morphology
template and/or a previously stored known T-wave morphol-
ogy template in order to confirm a high correlation of the
unknown EGM signal with the P-wave morphology template
and/or a low correlation with the T-wave morphology tem-
plate. If the signal analysis segment is highly correlated with
a T-wave morphology template or is poorly correlated with a
P-wave morphology template, the P-wave threshold crossing
may be disqualified as a true P-wave.

[0141] IfaP-wave senseeventis verified at block 386 based
on the comparison of the EGM signal to other P-wave sensing
criteria, pace timing and control module 270 waits for the AV
pacing escape interval to expire at block 388. It is recognized
that an R-wave sensed during the AV interval will cause the
escape interval timer to be reset to a VV interval. Otherwise,
aventricular pacing pulse will be delivered upon expiration of
the AV pacing escape interval following the verified P-wave.

[0142] IfaP-wave sense event is not verified in response to
the comparison made at block 384, the AV pacing escape
interval is cancelled at block 390 prior to its expiration. At
block 392, the control module 206 of RV pacemaker 14 may
determine if a P-wave sense event has been verified within the
previous n seconds, minutes, hours or other predetermined
time interval.

[0143] In one example, if a P-wave has not been sensed in
the past 20 seconds, the P-wave sensing criteria used by the
analyzer 268 of P-wave detector 262 is checked and updated
if needed at block 394. A time interval up to one minute, for
example, may be set after which an absence of a verified
P-wave will trigger the P-wave sensing criteria check at block
394. In still other examples, the time interval after which the
P-wave sensing criteria is checked if no P-waves have been
verified during the time interval may be a progressively
increasing time interval. The first time interval may be rela-
tive short, e.g., 30 seconds and the next time interval may be
doubled or increased by a predetermined increment from the
first time interval. To illustrate, as long as at least one or
another required minimum number of P-waves are verified
within a current time interval, the next time interval is
doubled such that the time interval series may include inter-
vals 0f 30 seconds, 60 seconds, 2 minutes, 4 minutes and so on
up to a maximum time interval of one hour for example. After
the maximum time interval is reached, the maximum time
interval is repeatedly used at block 392. If a required number
of P-waves are not sensed during the time interval, P-wave
sensing criteria are checked and updated if needed. The time
interval series begins again at the first, shortest time interval
after an update of the P-wave sensing criteria. Processing
power and time are conserved by using relatively longer or
progressively increasing time intervals between checking and
updating P-wave sensing criteria.

[0144] If a P-wave has been confirmed recently based on
the P-wave sensing criteria applied at block 384 being satis-
fied within the N-second interval (block 392), the pace timing
and control module 270 returns to block 382 to wait for the
next time limit to expire during the next running AV interval.
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The P-wave sensing criteria used at block 384 is deemed valid
if aminimum number of P-waves have been confirmed during
the most recent n-seconds.

[0145] IfaP-wave has notbeen confirmed within the n-sec-
ond time interval as determined at block 392, the P-wave
sensing criteria used at block 384 to verify a true P-wave may
need updating. A change in RV pacemaker position, myocar-
dial substrate, a prescription medication, heart rate, patient
position, patient activity or other change or condition may
alter the EGM signal such that the P-wave sensing criteria
requires updating. Accordingly, the P-wave sensing criteria
are checked and updated if needed at block 394 as further
described in conjunction with FIG. 8.

[0146] FIG. 7B is a depiction of a raw, unfiltered EGM
signal 450, a filtered, rectified EGM signal 460, a differential
EGM signal 470 and an integrated EGM signal 480. Raw,
unfiltered EGM signal 450 corresponds to the wideband pre-
filtered EGM signal 265 received by P-wave detector 262 in
FIG. 4A and includes a P-wave 452, R-wave 454, and T-wave
456. Filtered, rectified EGM signal 460 corresponds to the
filtered EGM signal 266 after rectification by P-wave detector
analyzer 268 and includes P-wave 462, R-wave 464 and
T-wave 466.

[0147] Analyzer 268 may include a differentiator to pro-
duce a differential EGM signal 470, which is the differential
signal of filtered, rectified EGM signal 460 in this example. In
other examples, either one or both of unfiltered EGM signal
450 and filtered EGM signal 460 are differentiated to produce
a differential signal used to discriminate P-waves 472 from
R-waves 474 and T-waves 476. The T-wave 476 of the differ-
ential signal is largely attenuated in the differential signal 470
compared to P-wave 472.

[0148] Analyzer 268 may further include an integrator to
produce an integrated EGM signal 480. In the example
shown, integrated EGM signal 480 is the integrated signal of
filtered, rectified EGM signal 460. Analyzer 268 may be
configured to produce an integrated signal from one or both of
raw, unfiltered EGM signal 450 and filtered EGM signal 460,
before and/or after rectification. In the integrated signal 480,
P-wave 482 is largely attenuated compared to R-wave 484
and T-wave 486.

[0149] P-wave detector 262 may be configured to apply
other P-sense criteria at block 384 of FIG. 7A to one or more
of the unfiltered EGM signal 450, filtered rectified EGM
signal 460, differential signal 470 and/or integrated signal
480.

[0150] In some examples, P-wave detector 262 is config-
ured to determine the maximum peak amplitude of the filtered
rectified EGM signal 460 in response to a P-wave sensing
threshold crossing and compare the maximum peak ampli-
tude to T-wave and/or R-wave sensing thresholds in parallel
to applying one or more additional P-wave sensing criteria to
the unfiltered EGM signal 450, filtered rectified EGM signal
460, differential signal 470 and/or integrated signal 480.
[0151] For example, the differential signal 470 may be
determined in parallel to the filtered, rectified EGM signal
460. This differential signal 470 filters the T-wave 476. The
P-wave 462 of filtered, rectified EGM signal 460 may cross
both a P-wave and T-wave sensing threshold, but only the
P-wave 472 of differential signal 470 will cross the P-wave
sensing threshold on the differential signal. In this way, a
signal that crosses both the P-wave and T-wave sensing
thresholds in the filtered, rectified signal 460 can identified as
a'T-wave if the differential signal 470 does not cross a P-wave
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sensing threshold and identified as a P-wave if the differential
signal 470 does cross a P-wave sensing threshold.

[0152] Inanother example, a slew rate may be determined
from unfiltered EGM signal 450 or from differential signal
470 and compared to a P-wave slew rate threshold by analyzer
268 to discriminate a P-wave sensing threshold crossing from
a T-wave. The T-wave 476 of differential signal 470 is
expected to be significantly attenuated compared to P-wave
472. The high slew rate of the P-wave 472 in differential
signal 470 may be a strong discriminator between P-wave 472
and T-waves 476. If the slew rate of raw, unfiltered EGM
signal 450 or of differential signal 470, which may be deter-
mined using signal sample points before and/or after the
P-wave sensing threshold crossing of filtered EGM signal
460, is greater than a P-wave slew rate threshold, the P-wave
sensing threshold crossing is confirmed as a sensed P-wave as
long as an R-wave sensing threshold is not crossed within a
time limit.

[0153] The polarity of the differential signal determined
from a non-rectified signal may be useful for discriminating
P-waves from R-waves in some cases. The P-wave and
R-wave may have opposite polarities as shown in raw unfil-
tered EGM signal 450. When the absolute peak amplitudes
and slopes of the P-wave and R-wave approach each other, the
P-wave of the differential signal determined from raw unfil-
tered signal 450 may have a polarity that is distinct from the
R-wave.

[0154] In another example, the maximum peak amplitude
and/or signal width of the integrated signal 480 may be deter-
mined after the filtered EGM signal 460 crosses the P-wave
sensing threshold. The maximum peak amplitude and/or sig-
nal width of the integrated signal 480 may be compared to a
maximum P-wave amplitude sensing threshold and/or maxi-
mum P-wave signal width sensing threshold. Since the
T-wave 486 is increased in amplitude and signal width com-
pared to the P-wave 482 in the integrated signal 480, a maxi-
mum peak amplitude and/or signal width of integrated signal
480 that exceeds the respective maximum P-wave amplitude
or signal width sensing threshold invalidates the P-wave sens-
ing threshold crossing of the filtered EGM signal as being a
true P-wave (and may be used to sense a T-wave 486 or
R-wave 484 based on timing relative to an R-sense signal
258).

[0155] When the P-wave 452 in the raw unfiltered signal
450 has a low slew rate, the P-wave detector filter 264 may
need to be adjusted to a lower low-frequency cut-off, e.g.,
from 20 Hz to 10 Hz in order to avoid significant attenuation
of'the P-wave in filtered EGM signal 460. T-wave 466 may be
less attenuated in the filtered EGM signal 460 when the filter
bandpass is lowered. As a result, T-waves 466 may be over-
sensed as P-waves due to P-wave sensing threshold crossings
by T-waves 466 when the P-wave 462 and T-wave 466 are
similar in amplitude. In this situation, the analysis of the
differential signal 470 and/or integrated signal 480 may
enable identification and discrimination of the P-waves 472
or 482 from T-waves 476 or 486, respectively.

[0156] The differential signal 470 and the integrated signal
480 shown or described above need not be determined con-
tinuously, but may be determined over a predetermined time
interval when the filtered EGM signal 460 crosses the P-wave
sensing threshold, e.g., over an interval of approximately 100
ms to 200 ms. The criteria established for detecting and con-
firming P-waves and distinguishing P-waves from T-waves
and R-waves in the methods described herein may be based
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on particular features of any combination of the unfiltered
EGM signal 450 received by P-wave detector analyzer 268,
the filtered EGM signal 460, differential signal 470 and/or
integrated signal 480, and may include rectified and/or unrec-
tified signals of any of the foregoing signals.

[0157] In some examples, the alternate signals, such as
differential signal 470 and integrated signal 480, are deter-
mined for verifying P-wave sensing during an AV interval on
a beat-by-beat or less frequent basis. Additionally or alterna-
tively, one or more alternate signals, e.g., raw unfiltered signal
450 or a differential or integrated signal thereof, differential
signal 460 and/or integrated signal 470, are used only during
a process for rechecking and establishing P-wave sensing
criteria at block 394 of FIG. 7A. A feature, such as a threshold
crossing, peak amplitude, slew rate, signal width or other
signal feature of the alternate signal at a time of a first P-wave
sensing threshold crossing by filtered EGM signal 460 may
be compared to the same feature of the alternate signal at the
time of the next P-wave sensing threshold crossing by the
filtered EGM signal 460 to verify that both events are P-waves
or to discriminate one crossing as being a P-wave and one
crossing as being a T-wave.

[0158] The alternate signal may be used to discriminate the
P- and T-waves to enable sensing module 204 (and/or control
module 206) to establish P-wave sensing criteria based only
on filtered EGM signal 460 or any combination of the filtered
EGM signal 460 and/or one or more alternate signal as listed
above. Hstablished P-wave sensing criteria may then be
applied to the filtered EGM signal 460 (and/or alternate EGM
signal) during P-wave sensing for atrial-ventricular synchro-
nous pacing without requiring beat-to-beat determination of a
differential and/or integrated signal.

[0159] FIG. 8 is a flow chart 400 of a method for establish-
ing and updating P-wave sensing criteria. The process shown
in FIG. 8 may be performed by sensing module 204 and/or
control module 206, e.g., by executing instructions stored in
memory 210. In the techniques described in conjunction with
FIG. 8 and other flow charts presented herein, analysis of the
filtered EGM signal, an unfiltered EGM signal, and/or alter-
nate EGM signal and adjustments made to the P-wave detec-
tor filter 264 and/or a T-wave sensing window based on the
analysis may be executed by sensing module 204, under the
control of control module 206 in some examples, or coopera-
tively by sensing module 204 and control module 206.
[0160] At block 401, the control module 206 determines if
it is time to check P-wave sensing to verify reliable P-wave
sensing and update P-wave sensing criteria if needed. The
process may be started at block 401 manually any time using
external device 20, automatically upon initial implantation of
the RV pacemaker 14, and/or repeated automatically on a
scheduled periodic basis. In other examples, the process is
performed after a P-wave has not been verified for a prede-
termined time interval as described in conjunction with FIG.
7. In still other examples, control module 206 determines that
a re-check is needed at block 401 in response to detecting a
posture change, a change in patient activity level, a change in
heart rate, a change between sustained R-wave sensing and
sustained ventricular pacing or other change or condition that
may alter the amplitude or morphology of the P-wave signal,
which may be detected using sensors 212.

[0161] When control module 206 determines that it is time
to check P-wave sensing, sensing module 204 starts the pro-
cess of checking P-wave sensing by detecting a crossing of
the P-wave sensing threshold by the filtered EGM signal 266
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at block 402. The P-wave sensing threshold detected at block
402 is a non-blanking, non-refractory sensing threshold
crossing and may be required to be outside a T-wave window.
A first waveform of the filtered EGM signal 266 is stored over
a first analysis window at block 404 in response to the thresh-
old crossing. For example, the first analysis window may be
started at the P-wave sensing threshold crossing, or a prede-
termined interval or number of sample points prior to the
sensing threshold crossing, and extend a predetermined inter-
val or number of sample points after the sensing threshold
crossing. A maximum peak amplitude or peak-to-peak ampli-
tude difference during the analysis window is compared to an
R-wave threshold at block 406. If the peak amplitude or
peak-to-peak difference reaches an R-wave threshold, the
crossing of the P-wave sensing threshold is evidence of an
R-wave instead of a P-wave. The process returns to block 402
to wait for the next P-wave sensing threshold crossing.
[0162] If the peak amplitude or peak-to-peak amplitude
difference is less than the R-wave threshold at block 406, the
sensing module 204 waits for the next R-sense signal 258 (or
a ventricular pacing pulse when an R-sense signal is not
received) at block 408. The P-wave threshold crossing at
block 402 may be a P-wave or a T-wave but is presumed not
to be an R-wave. After the next R-sense signal 258 (or ven-
tricular pacing pulse), the next P-wave sensing threshold
crossing is detected at block 410.

[0163] Inthe example shown, an analysis of the EGM sig-
nal is performed to check P-wave sensing criteria regardless
of whether a T-wave sensing threshold is crossed. In some
cases, a T-wave sensing threshold is not being used. In other
examples, if a T-wave sensing threshold has been established
that is greater than the P-wave sensing threshold, the P-wave
detector 262 may set a time limit to determine if the T-wave
sensing threshold is crossed within the time limit after the
P-wave sensing threshold crossing at block 410. Checking of
the P-wave sensing criteria may not be required as long as the
EGM signal does not cross the T-wave sensing threshold
during the first analysis window but does cross the T-wave
sensing threshold within the time limit following the next
P-wave sensing threshold crossing after the R-sense signal.
The P-wave before the R-sense signal and the T-wave after the
R-sense signal are discriminated based on amplitude. The
control module may return to the process shown in FIG. 6 for
controlling ventricular pacing using far-field P-wave sensing.
[0164] In other examples, the P-wave sensing criteria are
checked by continuing to block 412 after detecting the next
P-wave sensing threshold crossing at block 410 after the
R-sense signal. At block 412, a second waveform of the
filtered EGM signal 266 is stored over a second analysis
window in response to the next P-wave sensing threshold
crossing. The second analysis window may be analogous to
the first analysis window in timing and duration. In this way,
the P-wave detector analyzer 268 acquires a waveform of a
sensed signal occurring before an R-sense signal and a wave-
form of a sensed signal after the R-sense signal. Further
analysis of these waveforms will reveal whether P-waves are
being properly sensed and discriminated from T-waves.
[0165] P-wave detector 262 determines if the next crossing
of the P-wave sensing threshold detected at block 410
occurred within a T-wave sensing window after the R-sense
signal atblock 414. A T-wave sensing window may be defined
to extend from the R-sense signal (or a ventricular pacing
pulse) to a time point after the R-sense signal so that it is
expected to encompass the T-wave but terminate prior to the
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next anticipated P-wave. The T-wave sensing window may be
started when an R-wave sensing threshold crossing is
detected by R-wave detector 252 or upon receiving the
R-sense signal 258 by P-wave detector 262. The T-wave
sensing window may also be started in response to delivering
a ventricular pacing pulse when an R-wave is not sensed at
block 408. The T-wave sensing window may be set to differ-
ent intervals depending on the ventricular rate and depending
on whether the initiating event is an R-sense signal or a
ventricular pacing pulse.

[0166] If the next P-wave threshold crossing detected at
block 410 is within a T-wave sensing window, as determined
atblock 414, the first and second waveforms stored during the
first analysis window and the second analysis window are
compared at block 420. The comparison made at block 420
may include a sample-by-sample morphology comparison of
the two waveforms, wavelet morphology comparison, and/or
determining one or more analogous features of the stored
waveforms and comparing the analogous features to each
other. Analogous features that may be determined and com-
pared include, but are not limited to, peak amplitude, peak
slope, signal width, number of peaks, a time interval from the
P-wave sensing threshold crossing to a signal peak, time
interval from the threshold crossing to a peak positive slope,
time interval from the threshold crossing to a peak negative
slope, time interval from the threshold crossing to another
fiducial point or other time intervals between other fiducial
points.

[0167] The two waveforms may be determined to match
each other at block 422 if each comparison made at block 420
results in a difference that is less than predetermined match-
ing criteria, e.g., a difference of less than 20% between each
feature being compared. The particular matching criteria or
matching thresholds used will depend on the morphology or
feature comparisons being made.

[0168] Ifthe two waveforms do not match as determined at
block 422, based on at least one or more features not meeting
the matching criteria, the first waveform preceding the
R-sense signal is assumed to be a P-wave and the second
waveform falling into the T-wave sensing window and not
matching the first waveform is assumed to be a T-wave. The
P-wave is distinguishable from the T-wave following the
R-sense signal based on both time and morphology indicating
reliable P-wave sensing and discrimination from T-waves.
[0169] P-wave sensing is enabled at block 442. P-wave
sensing criteria are set at block 444 by sensing module 204
based on the one or more features determined to be distinct
during the comparison of the first and second waveforms at
block 420. For example, a threshold or range may be defined
that is characteristic and inclusive of a given P-wave feature
and exclusive of the analogous T-wave feature. To illustrate, a
maximum P-wave signal width threshold may be defined as
being 30 ms based on a measured P-wave signal width of 20
ms and a measured T-wave signal width of 40 ms during the
comparison made at block 420. It is recognized that compari-
sons may be made between multiple P-waves and multiple
T-waves to improve the confidence of P-wave sensing criteria
set at block 444. The P-wave sensing criteria set at block 444
may be the same criteria previously used if the same criteria
still discriminate well between P-waves and T-waves. Alter-
natively, the criteria set at block 444 may be new criteria
established by sensing module 204 in response to the com-
paring performed at block 420 and based on differences iden-
tified during the comparing.
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[0170] The “no” branch of block 422 as just described
represents the situation of the P-wave and the T-wave being
reliably distinguished based on the comparison of the first and
second waveforms not matching and the second waveform
falling in the T-wave sensing window. In other cases, the
second threshold crossing may be outside the T-wave sensing
window and/or the first and second waveforms may match. In
these cases, both waveforms may be a P-wave (e.g., if the
T-wave has been well-filtered from the EGM signal), both
waveforms may be T-waves, or one waveform may be a
P-wave and one a T-wave but indistinguishable from each
other based on the current filtering and T-wave sensing win-
dow settings. The other branches of flow chart 400 handle
these other situations as will now be described.

[0171] If the next P-wave threshold crossing detected at
block 410 is within the T-wave sensing window (“yes” branch
ot’block 414) but the two waveforms match at block 422, both
waveforms could be P-waves. Alternatively, one may be a
P-wave and one may be a T-wave but they are indistinct from
each other in the filtered EGM signal 266. P-wave sensing by
P-wave detector 262 may be unreliable under the current
conditions for use in setting AV pacing escape intervals.
Accordingly, to determine if both waveforms are P-waves or
one is a P-wave and one is a T-wave, the raw, unfiltered EGM
signal 265 (or an alternate filtered EGM signal 267) is ana-
lyzed at block 423 to determine if T-waves are present in the
unfiltered EGM signal and are not present in the filtered EGM
signal 266. Peak amplitudes, morphology, timing relative to
an R-sense signal or other features may be used to identify
T-waves present in the alternate filtered EGM signal 267 or
unfiltered EGM signal 265.

[0172] IfT-waves are identified in the alternate or unfiltered
EGM signal that are not present in the filtered EGM signal
266, e.g., not coinciding or occurring at approximately the
same time after an R-sense signal as one of the first or next
P-wave sensing threshold crossings detected at blocks 402
and 410, P-wave sensing is confirmed at block 424. Both the
first waveform and the second waveform are determined to be
P-waves when T-waves can be identified from the unfiltered
EGM signal 265 (or an alternate filtered EGM signal 267) and
are not present in the filtered EGM signal 266 from which the
first and second waveforms were obtained and not coinciding
with either of the first or second waveforms. The T-wave is
optimally filtered from the filtered EGM signal 266. P-wave
sensing is deemed reliable, however the T-wave sensing win-
dow may be adjusted at block 430 by sensing module 204 so
that the second waveform that is actually a P-wave does not
fall in the T-wave sensing window. For example, the T-wave
sensing window may be shortened at block 430. P-waves are
determined to be reliably discriminated from T-waves at
block 432 based at least on the effective filtering of the T-wave
from the filtered EGM signal 266 and may be further dis-
criminated based on timing by adjusting the T-wave sensing
window at block 430. P-wave sensing is enabled at block 442
for use in synchronizing ventricular pacing with P-sense sig-
nals 272 using a target AV interval. P-wave sensing criteria
are set at block 444 by sensing module 204 based on the
P-wave features determined at block 420. These criteria may
be used for confirming a P-wave during an AV interval started
in response to a P-wave threshold crossing. Setting P-wave
sensing criteria may include setting the P-wave sensing
threshold based on an amplitude of the stored first and second
waveforms.
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[0173] The “yes” branch of block 424 just described is the
situation that both of the first and second waveforms before
and after the R-sense signal are P-waves, but the second
P-wave is within the T-wave sensing window. This situation
may be corrected by adjusting the T-wave sensing window.
T-waves are being properly filtered so filter adjustment is not
required.

[0174] The “no” branch of block 424, however, addresses
the situation where the second waveform is a T-wave that
occurs within the properly set T-wave window but the T-wave
and the P-wave morphologies are too similar to be distin-
guishable based on waveform comparisons. In this case, the
T-wave sensing window does not require adjusting, but
adjustment of the P-wave detector filter 264 by sensing mod-
ule 204 may provide greater discrimination between the P-
and T-wave morphologies.

[0175] If T-waves are present in the unfiltered or alternate
filtered EGM signal 265 or 267 and correspond in time to the
second waveform of the filtered EGM signal 266 as deter-
mined at block 423, the two P-wave sensing threshold cross-
ings of the filtered EGM signal 266 are not both P-waves
(“no” branch of block 424). In response to not confirming
both waveforms as being P-waves, the bandpass of filter 264
may be adjusted to alter the waveform of the T-wave at block
426. As described above, the center frequency and/or band-
pass of filter 264 may be adjusted to intentionally increase the
amplitude of the T-wave, decrease the amplitude of the
T-wave, or otherwise modity the T-wave morphology to make
the P-wave and T-wave distinct based on amplitude and/or
waveform comparisons. Multiple filter adjustments may be
made until a comparison of the P-wave and T-wave ampli-
tudes, signal widths and/or other morphology feature(s)
results in non-matching waveforms.

[0176] After filter adjustments, P-wave and T-wave dis-
crimination is confirmed at block 432. The P-wave and
T-wave were already discriminated based on the properly set
T-wave sensing window so the result at block 432 will be
“yes” based on this time distinction alone. However, if the
adjusted filter frequency range provides further discrimina-
tion based on morphology or amplitude, independent of the
timing of the T-wave sensing window, the adjusted filter cen-
ter frequency and bandwidth is selected by the P-wave detec-
tor 262 for sensing P-waves for use in controlling escape
intervals.

[0177] P-wave and T-wave discrimination determined at
block 432 after filter adjustment may include elimination or
significant attenuation of the T-wave, such that it no longer
crosses the P-wave sensing threshold, or an increased T-wave
amplitude that crosses a higher, T-wave sensing threshold. As
such, filter adjustment may provide amplitude discrimination
in addition to the timing discrimination provided by the
T-wave sensing window.

[0178] Additionally or alternatively, the T-wave may be
altered enough by a bandpass filter adjustment that the
P-wave and T-wave waveforms are distinguishable based on
morphology, slope or other waveform features other than
peak amplitude. Filter adjustment may therefore provide
morphology discrimination based on the overall wave shape
or other signal features other than peak amplitude.

[0179] Aslongas atleastone ofthe timing, peak amplitude,
and waveform morphology provide P-wave and T-wave dis-
crimination as determined at block 432, P-wave sensing may
be enabled at block 442 for setting AV pacing escape inter-
vals. The discriminatory features identified at bock 432 after

Apr. 28,2016

filter adjustment may be used at block 444 to set P-wave
sensing criteria that are used during AV intervals for confirm-
ing that a P-wave threshold crossing is a P-wave (e.g., for
confirming a sensed P-wave at block 384 of FIG. 7).

[0180] Adjustment of the T-wave sensing window or the
P-wave detector filter by sensing module 206 have now been
described for addressing the situation of the second waveform
being a P-wave but improperly falling into the T-wave sensing
window (“yes” branch ofblock 424 leading to T-wave sensing
window adjustment at block 430) and for the situation of the
second waveform being a T-wave and properly falling into the
T-wave sensing window) but having an indistinct morphol-
ogy from the P-wave (“no” branch of block 424 leading to
P-wave detector filter adjustment at block 426). Now tech-
niques will be described that deal with the situation of the
second waveform not falling into the T-wave sensing window,
whether it is a true T-wave or not.

[0181] If the second waveform is not within the T-wave
sensing window, “no” branch of block 414, the first and
second waveforms are compared at block 418. If the wave-
forms do not match (“no” branch of block 428), the second
waveform may be a T-wave, but the T-wave sensing window
may need adjusting. The non-matching waveforms indicate
that the P-wave detector filter 264 does not necessarily need
adjusting since the waveforms are distinguishable based on
the morphology. The T-wave sensing window may need to be
adjusted at block 430, however, because the Q-T interval of
the EGM signal may change over time, e.g., due to changes in
heart rate, change in disease state or other factors. For
example, the T-wave sensing window may be shortened by
approximately 20 ms for every increase in heart rate of 10
beats per minute. The T-wave window may be adjusted by
sensing module 204 at block 430 so that it would encompass
the second waveform. A different T-wave window may be set
when a ventricular pacing pulse is delivered than when an
R-sense signal is received to account for differences in the
Q-T interval on paced beats compared to intrinsic beats.
[0182] Since the first and second waveforms do not match
based on the morphology comparison at block 428, discrimi-
nation of the P-waves and T-waves is confirmed at block 432.
The T-wave sensing window adjustment may provide addi-
tional discrimination of the P-waves and T-waves based on
timing. P-wave sensing for controlling pacing escape inter-
vals is enabled by control module 206 at block 442. The
P-wave sensing criteria may be adjusted at block 444 by
sensing module 204 as needed based on the waveform fea-
tures determined and compared at block 418.

[0183] Baseline P-wave and T-wave amplitude measure-
ments and baseline T-P interval measurements may be deter-
mined and stored at block 444 after setting the P-sense crite-
ria. As described in conjunction with FIG. 10A, the control
module 206 may be configured in some examples to monitor
an amplitude difference between P-waves and T-waves and/or
a T-P interval to detect when the P-waves and T-waves are
approaching each other in either amplitude or time. A base-
line amplitude difference and/or a baseline T-P interval may
be established at block 444 for use by control module 206 in
detecting a decrease in either the amplitude difference or the
T-P interval.

[0184] If the second waveform is not within the T-wave
sensing window (“no” branch of block 414) and the first and
second waveforms do match (“yes” branch of block 428), the
waveforms could be two P-waves, two T-waves or a P-wave
and a T-wave that are indistinct from each other. In this
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situation, an analysis of the unfiltered signal 265 or an alter-
nate filtered signal 267 is performed at block 434 to determine
if T-waves can be identified from the unfiltered signal 255 or
alternate filtered signal 257 and whether they coincide in time
with the first or next P-wave sensing threshold crossings
detected at blocks 402 and 410, respectively. In other
examples, the alternate signal analyzed at block 434 to iden-
tify a T-wave coinciding in time with the first or next P-wave
sensing threshold crossings is an integrated signal, such as
signal 480 in FIG. 7B, in which the T-wave 486 is enhanced
compared to the T-wave 466 in the filtered EGM signal 460.
A T-wave identified from the unfiltered signal 255, alternate
filtered signal 257, or an integrated signal (of the filtered
signal 266 or unfiltered signal 265) may be determined to
coincide in time with the first or next P-wave sensing thresh-
old crossings when the identified T-wave occurs within a
predetermined interval of time from the P-wave sensing
threshold crossing.

[0185] In some cases, a T-wave may not be readily identi-
fied from the unfiltered EGM signal 265. Filter 264 may be
adjusted to increase the T-wave amplitude in an alternative
filtered EGM signal 267. Multiple filter adjustments may be
performed until a T-wave can be identified. For example up to
six different center frequency and bandwidth combinations
may be tested to determine if the T-wave can be identified
from the alternate filtered EGM signal 267. Sensing module
202 may determine if T-waves can be identified within a
maximum number of filter adjustments in some examples.
[0186] If a T-wave is identified from the unfiltered signal
265 or alternate filtered EGM signal 267 but is not identified
from the filtered EGM signal 266 at approximately the same
time, the P-wave detector filter 264 is optimally filtering
T-waves from the filtered EGM signal 266. P-wave sensing is
confirmed at block 436 in response to identifying T-waves
from the unfiltered EGM signal 265 (or alternate filtered
EGM signal 267) that are absent from the filtered EGM signal
266. Both of the P-wave sensing threshold crossings of the
filtered EGM signal 266 are P-waves that match each other
morphologically and both are properly detected outside the
T-wave sensing window. No adjustment of the T-wave sens-
ing window or the P-wave detector filter 264 is needed. Con-
firmation is made that P-waves are being properly sensed and
discriminated from T-waves at block 432.

[0187] If T-waves can be identified and correspond in time
to one or both of the first and next P-wave sensing threshold
crossings of the filtered EGM signal 266, adjustment of the
T-wave sensing window and/or the P-wave detector filter 264
is required to improve P-wave and T-wave discrimination
based on at least one of timing, amplitude or morphology. If
T-waves can be identified, and correspond in time to one or
both P-wave sensing threshold crossings, T-waves are not
being optimally filtered from the EGM signal and are con-
founding P-wave sensing. Sensing module 204 adjusts at
least one of the T-wave sensing window and/or the P-wave
detector filter 264 at block 438 to improve separation and
discrimination of P-waves and T-waves.

[0188] In some cases, T-waves and P-waves may not be
distinguished from each other based on comparisons made
between the first and second waveforms of the filtered EGM
signal 266 at block 418 or based on analysis of the unfiltered
signal 265 or alternate EGM signal 267 at block 434 such that
P-wave sensing cannot be confirmed at block 436. Adjust-
ment of the T-wave sensing window may be performed at
block 438 to improve separation of the signals, but in some
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cases T-wave sensing window adjustment may not improve
discrimination between T-waves and P-waves. The T-wave
and P-wave may be overlapping, particularly if the heart rate
is elevated from a resting heart rate. The P-wave detector filter
264 may be adjusted at block 438 to improve the P-wave
signal strength, diminish the T-wave signal strength or inten-
tionally increase the T-wave amplitude to be greater than the
P-wave amplitude in the filtered EGM signal 266. Adjustment
to the P-wave detector filter 264 and/or T-wave sensing win-
dow are performed at block 438 so that P- and T-waves can be
discriminated at block 432.

[0189] At block 438 (and block 426), adjustment to the
P-wave detector filter 264 for increasing amplitude, wave-
form or timing separation of the P-wave and T-wave in the
filtered EGM signal 266 may include adjustment of the center
frequency and/or the bandpass width. For example, the filter
may be adjusted to a bandpass centered on the T-wave fre-
quency to intentionally increase T-wave amplitude but with a
wide enough bandpass that includes P-waves, or centered on
the P-wave frequency to increase P-wave amplitude with a
narrow bandwidth that eliminates T-waves. The bandpass
may be symmetrical or asymmetrical to intentionally increase
signal strength of P-waves relative to T-waves or vice versa.
[0190] The center frequency may be selected in the range of
10 Hz to 50 Hz with a bandwidth including frequencies in the
range of 5 Hz up to 70 Hz in some examples. The bandwidth
may be relatively narrow or wide, e.g., a total bandwidth of up
to 50 Hz or as narrow as 10 Hz. For example, filter 264 may
initially be adjusted to a center frequency of 20 Hz with a
symmetrical 30 Hz bandpass width for a total 3 dB range of 5
Hzto 35 Hz to maximize the P-wave amplitude. If the T-wave
is indistinct from the P-wave using this filtering, the filter
center frequency may be adjusted lower or higher, the band-
pass width may be increased or decreased, and/or the band-
pass may be shifted to an asymmetrical bandpass that has a
greater range less than the center frequency or a greater range
higher than the center frequency. For example, the filter 264
may be shifted to a center frequency of 25 Hz with a narrow
bandpass width of 20 Hz for a total 3 dB range of 15 Hz to 35
Hz to remove or attenuate a lower frequency T-wave from the
filtered EGM signal 266. In some examples, the P-wave may
be a narrow signal having a higher than normal frequency, so
that filter 264 may be adjusted to a 40 Hz center frequency in
this situation with a relatively narrow bandwidth. In some
instances, the center frequency of P-wave detector filter 264 is
selected to include both P-waves and R-waves within the filter
bandpass. In other instances, the P-wave detector center fre-
quency may be centered on an expected P-wave frequency.
[0191] Once the P-wave detector filter 264 is adjusted to
achieve P- and T-wave discrimination at block 432 based on
amplitude, time, or other morphology features in the filtered
EGM signal 266, which may include repeated adjustments of
filter 264 until an optimal center frequency and bandpass is
identified for separating P-wave and T-wave signals, P-wave
sensing may be enabled at block 442. The P-wave sensing
criteria may be set at block 444 based on the discrimination
achieved by filter adjustments. After adjusting the P-wave
detector filter 264, the P-wave signal may be altered. As such,
the P-wave signal features used to define the P-wave sensing
criteria may be re-determined, compared to analogous
T-wave features and used to establish P-wave sensing criteria
at block 444.

[0192] In some cases, reliable discrimination of P-waves
and T-waves will not be achieved at block 432, despite mul-
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tiple filter adjustments and/or one or more T-wave sensing
window adjustments. If this occurs, the RV pacemaker 14
may be set to a temporary VVI pacing mode at block 440 by
control module 206 in which P-wave sensing is disabled for
use in setting AV pacing escape intervals. The control module
206 controls ventricular pacing pulse delivery by the pulse
generator 202 in a single chamber ventricular pacing and
sensing mode (i.e., a VVI mode) where VV escape intervals
are set in response to R-sense signals 258 and ventricular
pacing pulses. An R-sense signal 258 during a VV escape
interval inhibits a scheduled pacing pulse and restarts the VV
escape interval. P-wave detector 262 is either disabled by
control module 206 or P-sense signals 272 produced by
P-wave detector 262 are ignored by pace timing and control
module 270 for setting ventricular pacing escape intervals.

[0193] The VVI pacing mode set at block 440 may be
temporary. Periodically, the sensing module 204 may return
to block 438 to adjust the T-wave window and/or P-wave
detector filter 264 to achieve reliable discrimination of
P-waves and T-waves based on amplitude, timing and/or mor-
phology. For example, the sensing module 204 may return to
block 438 every 10 seconds, every 30 seconds, every one
minute, or other predetermined time interval to attempt
adjustments to separate the P-waves and T-waves. If reliable
discrimination is achieved (block 432), the control module
206 switches from the temporary VVI pacing mode back to an
atrial synchronized ventricular pacing mode in which P-wave
sensing is enabled at block 442, and the P-wave sensing
criteria are updated by sensing module 204 as needed at block
444. The pace timing and control module 270 of control
module 206 sets ventricular pacing escape intervals to AV
pacing escape intervals in response to P-sense signals 272 for
controlling ventricular pacing pulse delivery by pulse genera-
tor 202.

[0194] FIG.9is aflow chart 500 of a method for controlling
P-wave sensing and ventricular pacing by RV pacemaker 14
according to another example. The techniques shown in flow
chart 500 may be performed as needed for establishing
P-wave sensing criteria by sensing module 202. The tech-
niques of flow chart 500 may be performed for confirming
P-wave and T-wave discrimination, e.g., at block 432 of FIG.
8, or during adjustments to the T-wave sensing window or the
P-wave detector filter 264 for improving discrimination
between P-waves and T-waves. In particular, the techniques
of flow chart 500 may be performed when the T-wave and
P-wave are determined to be indistinct during R-wave sensing
by sensing module 204. The method of flow chart 500 and
other flow charts presented herein for setting P-wave sensing
criteria and controlling ventricular pacing using sensed
P-waves may be performed cooperatively by sensing module
204 and control module 206.

[0195] At block 502, the P-wave detector 262 detects a
P-wave sensing threshold crossing. A test AV escape interval
is started at block 504 in response to the P-wave sensing
threshold crossing as long as the EGM signal does not reach
the R-wave sensing threshold (or an intermediate T-wave
sensing threshold if used) during the time limit (310 in FIG.
5A). The EGM signal waveform associated with the P-wave
sensing threshold crossing is stored over an analysis window
atblock 506. The test AV escape interval set at block 504 may
be a shorter interval than a targeted AV interval that is used by
the pace timing and control module 270 during bradycardia or
rate responsive pacing. The shorter interval is used in order to
promote ventricular pacing pulse delivery prior to an intrinsic
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R-wave during the process of flow chart 500. For example, the
AV interval may be shortened by 100 ms. Shortening of the
AV interval also promotes temporal separation of the P-wave
and the T-wave for facilitating discrimination and analysis of
the two separate waveforms.

[0196] During the test AV interval, the EGM signal is moni-
tored for an R-wave sensing threshold crossing by R-wave
detector 252 at block 508. If the P-wave sensing threshold
crossing detected at block 502 is followed by an R-sense
signal at block 508 during the test AV interval, the test AV
escape interval is cancelled at block 510.

[0197] If a V-sense signal does not occur during the AV
interval, the test AV interval expires, and a ventricular pacing
pulse is delivered at block 512. After delivering the ventricu-
lar pacing pulse, the next P-wave sensing threshold crossing
is detected at block 514 (outside any relevant ventricular
blanking period after the ventricular pacing pulse which may
be set to include the pacing-evoked R-wave). In the method
shown by flow chart 500, a waveform crossing the P-wave
sensing threshold stored prior to the ventricular pacing pulse
is expected to be a P-wave and the first waveform crossing the
P-wave sensing threshold after the ventricular blanking
period is expected to be a T-wave. As such, a comparative
analysis of a pre-pace waveform and a post-pace waveform
enables P-wave sensing criteria to be established that dis-
criminate P-waves from T-waves.

[0198] IfaT-wave sensing threshold crossing occurs within
the time limit from the second P-wave sensing threshold
crossing, as determined at block 515, the T-wave ofthe pacing
evoked response is distinct from the P-wave based on T-wave
amplitude. Atrial-synchronous ventricular pacing is enabled
atblock 528. No further adjustment may be needed to reliably
discriminate between P-waves and T-waves.

[0199] If a T-wave sensing threshold crossing does not
occur within the time limit, the P-wave and pacing-evoked
T-wave may be indistinct. Further analysis is required to
determine if reliable P-wave and T-wave discrimination can
be achieved. The EGM signal is stored during an analysis
window at block 516. The analysis windows set at blocks 506
and 516 for storing the EGM signal waveform after a P-wave
sensing threshold crossing may be equal in duration and may
begin and end at the same times relative to the respective
P-wave sensing threshold crossings, which may include buft-
ered sample points stored prior to the P-wave sensing thresh-
old crossing.

[0200] The stored waveforms are compared at block 518 by
performing a morphology comparison of the overall wave-
form of all the signal sample points during the analysis win-
dow and/or by determining and comparing specific analogous
features of the waveforms during the analysis window, such
as peak amplitude, signal width, slope etc. If the waveforms
do not match, as determined at block 520, the P-waves and
T-waves are determined to be distinguishable.

[0201] A T-wave sensing window is adjusted as necessary
at block 524 based on the timing of the P-wave sensing
threshold crossing at block 514 and/or determining the timing
of the T-wave sensing threshold crossing during the analysis
window of the post-pace (second) stored waveform. The
T-wave sensing window may be lengthened, shortened, or
shifted in time relative to the ventricular pacing pulse to
promote a high likelihood of the second P-wave sensing
threshold crossing occurring during the T-wave sensing win-
dow following pacing pulses and intrinsic R-waves. It is
recognized that the Q-T interval following a pacing pulse may
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be different than the Q-T interval during an intrinsic ventricu-
lar beat. As such, the T-wave sensing window may be set to
account for this difference.

[0202] At block 526, P-wave sensing criteria are set by
sensing module 204 based on the comparison performed at
block 518. One or more features may be identified that have
the greatest difference between the pre-pace waveform
(P-wave) and the post-pace waveform (T-wave). The greatest
difference may be identified as a greatest percentage differ-
ence or a greatest normalized difference. The P-wave sensing
criteria may be set to include a threshold or range that
includes the P-wave value for a feature having a greatest
difference and excludes the analogous T-wave feature value.
The difference between the overall morphologies of the
waveform as defined by all of the equally spaced sample
points across the analysis windows may be used to set a
threshold percentage difference between the P-wave and
T-wave morphology for discriminating between P-waves and
T-waves.

[0203] TheT-wave sensing window and the P-wave sensing
criteria set at blocks 524 and 526, respectively, may be stored
in memory 210 and used by P-wave detector 262 for confirm-
ing P-waves during AV escape intervals set in response to
detecting P-wave sensing threshold crossings. The P-wave
sensing threshold may be included in the P-wave sensing
criteria set at block 526. The P-wave sensing threshold may
be set as a percentage of the peak amplitude of the waveform
stored at block 506. The T-wave sensing threshold may addi-
tionally or alternatively be set at block 526 by sensing module
204 based on the amplitude of the post-pace stored waveform
and/or a difference between the peak amplitude of the first,
pre-pace stored waveform (block 404) and the second, post-
pace stored waveform (block 412).

[0204] If the two waveforms match at block 520, the
T-wave arising from the evoked response to the ventricular
pacing pulse may be indistinguishable from the P-wave
sensed prior to the ventricular pacing pulse. In this case,
P-wave sensing may not be reliable for use in controlling
ventricular pacing. The P-wave detector filter 264 may be
adjusted at block 522 until the pre-pace P-wave and the post-
pace T-wave no longer have matching morphologies as deter-
mined at block 530. The process of adjusting the filter may
include multiple iterations of adjusting the center frequency
and/or bandpass, collecting waveforms of the P-wave and the
post-pace T-wave, and comparing the waveforms. In some
cases, an analysis of the P-wave frequency or signal width
and/or an analysis of the T-wave frequency or signal width
may be performed to guide the filter adjustment to reduce the
number of times adjustments are made until successful
P-wave and T-wave discrimination is made. In other
examples, a set of predefined combinations of center fre-
quency and bandpass width may be defined and tested at
block 522 until a combination corresponding to a maximum
difference in amplitude, signal width or other feature of the
P-wave and T-wave is identified.

[0205] If successful P-wave and T-wave discrimination is
achieved by adjusting the filter properties, based on non-
matching waveforms as determined at block 530, the T-wave
sensing window may be adjusted at block 524 to include the
T-wave. P-wave sensing criteria are set at block 526 based on
the features determined from the P-wave and T-wave of the
EGM signal after filter adjustments. Atrial-synchronous ven-
tricular pacing is enabled at block 528.
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[0206] In some cases, filter adjustments may not success-
fully yield a distinct P-wave and T-wave. The P-wave, how-
ever, may cause an inflection point in the descending portion
of'the T-wave when the P-wave is overlapping the T-wave. An
inflection point in the descending portion of the T-wave may
be identified as the P-wave in some examples. A P-wave
inflection point may be identified based on previously stored
T-wave morphology at lower heart rates. The matching wave-
form comprising indistinct T- and P-waves may be compared
to the previously stored T-wave morphology. In one example,
the number of inflection points of the T-wave occurring after
a maximum peak T-wave of the filtered cardiac signal is
stored. During any of the processes disclosed herein, when
P-waves and T-waves are determined to be indistinct in a
filtered or unfiltered cardiac signal based on time, amplitude
or separate P-wave and T-wave morphologies, identifying a
P-wave inflection point along a descending portion of the
T-wave can be performed for discriminating the P-wave from
the T-wave and establishing P-wave sensing criteria.

[0207] If a new inflection point can be identified in the
descending portion of the T-wave at block 531 that was not
present in the T-wave at a lower heart rate, this new inflection
point may be evidence of the P-wave and used for setting
P-wave sensing criteria at block 526 during high heart rates
associated with overlapping P- and T-waves. Atrial-synchro-
nized ventricular pacing may be enabled at block 528 based
on the ability to sense a P-wave inflection in the descending
portion of the T-wave.

[0208] If the filter adjustments do not successfully yield a
distinct P-wave and T-wave and a P-wave inflection along the
descending portion of the T-wave cannot be identified, the
control module 206 sets the pacing mode of the RV pace-
maker 14 to a temporary single chamber ventricular pacing
mode (VVI) that does not set AV pacing escape intervals
using P-wave sensing at block 532. Alternatively, the control
module 206 may set a temporary refractory period that
encompasses an overlapping T-wave and P-wave so that the
overlapping events occurring within the refractory period are
both ignored for the purposes of setting an AV pacing escape
interval.

[0209] A relatively short test AV interval set at block 504
promotes temporal separation of the P-wave and the T-wave
since the R-wave and subsequent T-wave will both occur
earlier when the test AV interval is shortened. In some
examples, the test AV interval may be shortened at block 504
if the P-wave and T-wave are indistinct based on amplitude,
time, and/or morphology. Before setting a temporary VVI (or
VVIR) mode at block 531, all or a portion of the flow chart of
FIG. 9 may be performed with a shortened AV test interval to
determine if the P-wave and T-wave are distinct.

[0210] An interval between a ventricular pacing pulse and
the P-wave sensing threshold crossing can be measured when
different test AV escape intervals are applied. As described
below in conjunction with FIG. 12, modulating the timing of
a ventricular pacing pulse, e.g., by modulating the test AV
escape interval, causes the interval between the ventricular
pacing pulse and the next P-wave sensing threshold crossing
to change when the P-wave sensing threshold crossing is a
true P-wave. This interval will not change, however, when the
P-wave sensing threshold crossing is a T-wave during a stable
heart rate. As such, in some examples, all or a portion of FIG.
9 may be repeated using different test AV pacing escape
intervals to separate the P-wave and T-wave for use in estab-
lishing P-wave sensing criteria and enabling atrial-synchro-
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nous ventricular pacing. If the P-wave sensing threshold
crossing after the ventricular pacing pulse is verified as a
P-wave based on an altered interval from the ventricular
pacing pulse to the P-wave sensing threshold crossing during
different test AV escape intervals, atrial-synchronous ven-
tricular pacing may be enabled at block 528.

[0211] Ifthe interval to the next P-wave threshold crossing
after a ventricular pacing pulse is not altered by modulation of
the test AV escape interval, the P-wave threshold crossing
detected at block 514 after the ventricular pacing pulse is a
T-wave. If amplitude or morphology-based P-wave sensing
criteria can be established at block 526 to distinguish the
confirmed T-wave from P-waves, atrial-synchronous ven-
tricular pacing can be enabled at block 528. If P-wave sensing
criteria cannot be established to distinguish the confirmed
T-wave from the P-wave when the AV escape interval is
restored to a target AV pacing escape interval, the temporary
VVI(R) pacing mode is set at bock 532.

[0212] Itisrecognized that while the process shown in FIG.
9 indicates a single waveform stored at block 506 prior to a
ventricular pacing pulse and a single post-pace waveform
stored at block 516, the process of collecting pre- and post-
pace waveforms may be repeated for multiple pacing cycles
to obtain average pre- and post-pace waveforms that are com-
pared at block 518 and/or to obtain multiple differences from
comparisons made between multiple pairs of pre- and post-
pace waveforms that can be used to determine an average
difference.

[0213] To illustrate, a pre-pace waveform may be stored at
block 506 and a post-pace waveform may be stored at block
516 for a predetermined number of consecutive or non-con-
secutive ventricular pacing pulses, e.g., three to eight ven-
tricular pacing pulses, delivered at the test AV escape interval.
The pre- and post-pace waveforms may be compared for each
pacing cycle to determine waveform feature differences. The
three waveform features having the greatest differences forall
of the paired pre- and post-pace waveforms may be selected
as features for discriminating between P-waves and T-waves.
The minimum difference determined from all of the compari-
sons for a selected feature may be used as a basis for setting
the P-wave sensing criteria. Examples of waveform features
that may be determined include, but are not limited to, signal
width, peak amplitude, peak slope, frequency content, and
wavelet or Haar transform coefficients.

[0214] After establishing the P-wave sensing criteria, the
criteria may be verified by testing the criteria against addi-
tionally acquired pre- and post-pace waveforms to verify that
each of the pre- and post-pace waveforms are correctly con-
firmed as P-waves and T-waves respectively. After establish-
ing and setting the P-wave sensing criteria at block 526, atrial
synchronous ventricular pacing is enabled at block 528.
P-wave sensing threshold crossings are used to start AV pac-
ing escape intervals and P-waves confirmed during the AV
pacing escape intervals using the P-wave sensing criteria
allow the AV pacing escape intervals to time out for triggering
ventricular pacing pulse delivery.

[0215] Additionally, baseline P-wave and T-wave ampli-
tude measurements and baseline T-P interval measurements
may be determined and stored at block 526 after setting the
P-sense criteria. As described in conjunction with FIG. 10A,
the control module 206 may be configured to use a baseline
amplitude difference and/or the baseline T-P interval to detect
a decrease in the amplitude difference between P-waves and
T-waves or a decrease in the T-P interval.
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[0216] FIG. 10A is a flow chart 550 of a method for deter-
mining a need for adjusting the P-wave detector filter 264
and/or T-wave sensing window. In some examples, control
module 206 is configured to determine when the P-wave and
T-wave are likely to become indistinguishable before they
become indistinguishable. The P-wave and T-wave ampli-
tudes or relative time from each other may change with heart
rate, electrode position, patient position, or other factors.
Control module 206 may be configured to determine when
the T-wave and P-wave are approaching each other in time
before they become overlapping and indistinguishable based
on time. Control module 206 may additionally or alterna-
tively be configured to determine when the amplitudes of the
P-wave and T-wave are approaching each other before they
become indistinguishable based on amplitude. In this way,
the control module 206 may be enabled to control P-wave
detector 262 to adjust filter 264 and/or the T-wave sensing
window in advance of the P-wave and the T-wave becoming
indistinguishable to maintain reliable P-wave sensing.

[0217] At block 552, control module 206 is configured to
monitor T-P intervals, i.e., the time interval between the
T-wave and the far-field P-wave. For example, a T-P interval
may be determined between a cancel P-sense signal 274
produced by P-wave detector 262 (when the R-wave sensing
threshold is not crossed within the time limit) and the next
P-sense signal 272 (shown in FIG. 4A). As described in
conjunction with FIG. 5C, a cancel P-sense signal 274 may be
produced in response to a T-wave sensing threshold crossing
within time limit 310 of a P-wave sensing threshold crossing.
The next EGM signal after a T-wave is expected to be a
P-wave. As such, a time interval from the cancel P-sense
signal 274 to the next P-sense signal 272 produced in
response to the next P-wave sensing threshold crossing may
be determined by control module 206 as a T-P interval. In
other examples, a T-P interval may be determined from the
unfiltered or alternate filtered EGM signal 265 or 267 when
the T-wave is substantially filtered from the filtered EGM
signal 266.

[0218] The T-P interval may be monitored beat-by-beat or
on a less frequent basis to detect a shortening of the T-P
interval. Ifthe T-P interval is shortening, overlapping T-waves
and P-waves may become indistinct from each other. A
decrease in the T-P interval is detected at block 554. Detection
of a shortened or decreased T-P interval may be based on
comparing the T-P interval to a threshold interval or detecting
a percentage change in the T-P interval compared to a previ-
ously measured or baseline T-P interval. In various examples,
a single beat or running average T-P interval may be deter-
mined and if the single beat or running average T-P interval is
decreasing in value for three or more successive determina-
tions, a shortening T-P interval is detected at block 554. If the
T-P interval shortens to a threshold interval or other criteria
for detecting T-P interval shortening are met, the P-wave
sensing criteria may be checked at block 560.

[0219] At block 556, control module 206 is configured to
monitor an amplitude difference between sensed far-field
P-waves and near-field T-waves. For example, a T-wave
maximum peak amplitude may be determined during a signal
analysis window after a cancel P-sense signal 274 is produced
in response to the filtered EGM signal 266 crossing the
T-wave sensing threshold as shown and described in conjunc-
tion with FIG. 5C. In other examples, the T-wave may be
filtered from the filtered EGM signal 266 such that the T-wave
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is smaller than the P-wave. In this case, the T-wave maximum
peak amplitude may be determined during the T-wave sensing
window.

[0220] The P-wave maximum peak amplitude may be
determined during a signal analysis window applied after the
next P-sense signal 272 produced in response to the next
crossing of the P-wave sensing threshold when another higher
threshold crossing does not occur within time limit 310 (as
shown in FIG. 5A). The difference between the T-wave
amplitude and the P-wave amplitude may then be determined
on a beat-by-beat or less frequent basis or as a running aver-
age amplitude difference.

[0221] A decreased amplitude difference is detected at
block 558. The decreased amplitude difference may be due to
a change in one or both of the P-wave amplitude and the
T-wave amplitude. The decrease may be detected when the
amplitude difference is less than a threshold difference or has
decreased a predetermined percentage from a previously
measured difference or baseline difference. In some
examples a running average amplitude difference is com-
pared to a baseline difference. The decrease may alternatively
be detected at block 558 in response to a required number of
consecutively determined differences being less than a pre-
ceding difference. Inresponse to detecting a decreased ampli-
tude difference, the P-wave sensing criteria are checked at
block 560.

[0222] Checking P-wave sensing criteria may include per-
forming the process of flow chart 400 (FIG. 8), performing
the process of flow chart 500 (FIG. 9), or any portion or
combination thereof. In some examples, the P-wave sensing
criteria are checked at block 560 by adjusting the P-wave
detector filter to increase the amplitude of one of the P-wave
or T-wave, decrease the amplitude of one of the P-wave or
T-wave, or cause a change in the filtered EGM signal mor-
phology that results in an increase in the T-P interval. If filter
adjustments do not provide increased P-wave and T-wave
separation based on amplitude or time, the T-wave sensing
window may be adjusted at block 560 to improve discrimi-
nation between the T-wave and the P-wave based on time.
T-wave morphology of the filtered EGM signal 266 may be
compared with or without filter adjustments to set new
P-wave sensing criteria that provide reliable morphology dis-
crimination for verifying P-waves during the AV interval.
[0223] FIG.10B is a flow chart 570 of a method for deter-
mining a need for adjusting the P-wave sensing criteria
according to another example. At block 571, if ventricular
pacing is currently being delivered at the target AV pacing
escape interval, the V-pace to P-sense interval is determined.
The V-pace to P-sense interval is the time interval from a
delivered ventricular pacing pulse to the next P-sense signal
that is confirmed to be a P-wave during the AV pacing escape
interval based on any additionally applied P-wave sensing
criteria other than a P-wave sensing threshold crossing (as
described above in conjunction with FIGS. 7A and 7B. If
ventricular pacing is not currently being delivered when the
process of flowchart 570 is started due to R-sense event sig-
nals occurring during the AV interval, a shortened test AV
interval may be applied at block 571 to establish an initial
V-pace to P-sense interval.

[0224] At block 572, the AV pacing escape interval is
modulated from the target AV pacing escape interval. The AV
pacing escape interval may be shorted in one step change,
e.g., shortened by up to 100 ms, or modulated in two or more
step changes to AV intervals that are shorter than the target AV
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interval to maintain ventricular pacing pulse delivery. The
V-pace to P-sense interval is re-determined at block 574 for
one or more altered AV intervals applied at block 572.
[0225] At block 576, the control module 206 determines if
the V-pace to P-sense interval is altered in response to the
modulated AV interval. If the V-pace to P-sense intervals
match for two different AV pacing escape intervals, T-wave
oversensing is suspected as determined at block 582. Control
module 206 initiates a process to check and re-establish the
P-wave sensing criteria at block 584, e.g., using the tech-
niques described above in conjunction with FIG. 9. If the
V-pace to P-sense interval does change with modulation of
the AV interval, as determined at block 576, P-wave sensing is
confirmed at block 578. Atrial-synchronized ventricular pac-
ing continues at block 580 using the target AV interval and
currently established P-wave sensing criteria.

[0226] FIG. 11A is a diagram 600 of a cardiac EGM signal
601 and associated marker channel signals 620 that may be
produced by RV pacemaker 14 and transmitted to the external
device 20 shown in FIG. 1 according to one example. FIG.
11B is a diagram 650 of the cardiac EGM signal 601 trans-
mitted from the RV pacemaker 14 to the external device 20
and an associated marker channel display 640 that may be
produced by a user display of external device 20.

[0227] In FIGS. 11A and 11B, EGM signal 601 includes
P-waves 602, ventricular pacing pulses 604 and T-waves 605.
A P-wave sensing threshold 615 is indicated but may or may
not be displayed graphically in a display produced by external
device 20. In some examples, a numerical value of the P-wave
sensing threshold may be displayed.

[0228] Since R-waves, T-waves 605, noise, and other sig-
nals may cross the P-wave sensing threshold 615, the RV
pacemaker 14 confirms that a P-wave sensing threshold
crossing 603 is a true P-wave 602 by comparing the EGM
signal 601 to P-wave sensing criteria. As described above, the
EGM signal 601 may be compared to a T-wave sensing
threshold and/or an R-wave sensing threshold during a time
limit as described in conjunction with FIGS. 5A-5C foruse in
controlling (maintaining, cancelling or adjusting) an AV pac-
ing escape interval 612 that is started upon the P-wave sensing
threshold crossing 603. Additionally or alternatively, the
EGM signal 601 may be stored during an analysis window
606 and compared to P-wave sensing criteria to verify that the
P-wave sensing threshold crossing is due to a true P-wave
602.

[0229] Verification that the EGM signal 601 does not cross
a'T-wave sensing threshold and/or an R-wave sensing thresh-
old during the time limit 310 (shown in FIGS. 5A-5C) and/or
storing of the EGM signal waveform during an analysis win-
dow 606 and comparing the stored waveform to P-wave sens-
ing criteria will require time after the P-wave sensing thresh-
old crossing 603. Actual confirmation of the P-wave sensing
threshold crossing as a true P-wave sensed event is, therefore,
delayed in time by a delay time interval 610 after the P-wave
sensing threshold crossing 603. The delay time interval 610
required to confirm a P-wave sensed event after the P-wave
sensing threshold crossing 603 may be on the order of 20 ms
to 120 ms, for example, but is within the AV pacing escape
interval 612. The delay time interval 610 may equal the dura-
tion of an analysis window 606 or be longer than the analysis
window 606.

[0230] After P-wave detector 262 verifies that the P-wave
sensing threshold crossing 603 is due to a true P-wave 602,
the RV pacemaker control module 206 may produce a marker
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channel P-wave sense event signal 608. The marker channel
P-wave sense event (AS) signal 608 is produced after the time
delay 610, upon confirming the P-wave sense event.

[0231] Ifthe P-wave 602 is confirmed by additional signal
analysis after the P-wave sensing threshold crossing 603, the
AV pacing escape interval 612 started upon the P-wave sens-
ing threshold crossing 603 is allowed to expire. A ventricular
pacing pulse 604 is delivered upon expiration of the AV
pacing escape interval 612. The RV pacemaker 14 may pro-
duce a marker channel ventricular pacing pulse (VP) signal
614 aligned in time with the ventricular pacing pulse 604.
[0232] Ifthe external device 20 produces a display of EGM
signal 601 and the AS and VP marker channel signals 608 and
614 in real time, the AS signal 608 appears to occur at the
delay time interval 610 after the actual P-wave 602. The
ventricular pacing pulse signal 614 appears to occur at a very
short AV interval 618 after the AS signal 608 instead of at the
actual AV pacing escape interval 612. The relative timing of
marker channel signals 608 and 614 to each other and the
EGM signal 601 as produced in real time may create user
confusion if the EGM signal 601 and marker channel signals
612 and 614 appear in real time in a user display generated by
external device 20.

[0233] Inorder to avoid user confusion, the control module
206 delays transmission of the EGM signal 601 by the pace-
maker telemetry module 208 by a delay time 630 that is
greater than or equal to the delay time interval 610 between
P-wave sensing threshold crossing 603 and generation of the
marker channel P-wave sense event signal 608. As shown in
FIG. 10B, the user display of external device 20 produces a
display of EGM signal 601 that is delayed from real time by
delay time interval 630.

[0234] The marker channel 640 produced by the external
device 20 may display the AS event marker 628 in real time
when the marker channel P-wave sense event signal 608 is
produced and transmitted from RV pacemaker 14. The VP
marker 628, however, is displayed at the delay time 630 from
the VP signal 614 produced by RV pacemaker 14. In this way,
the P-wave sensing threshold crossing 603 and the start of the
AV pacing escape interval 612 appear to be aligned with the
P-wave sense event marker 628 even though the AS signal
608 is generated by RV pacemaker 14 later than the actual
P-wave sensing threshold crossing 603. By delaying the VP
marker 634 in real time from the pacing pulse signal 614 by
delay time 630, the pacing pulse marker 634 is displayed at
the expected AV pacing escape interval 612 after the AS event
marker 628 and remains aligned with the pacing pulse 604
appearing on EGM signal 601, which has also been delayed
by the same delay time 630. In this way, the markers 628 and
634 are properly aligned with corresponding events, i.e.,
P-wave 602 and pacing pulse 604, of the EGM signal 601 to
enable straight-forward and logical analysis of the sensing
and pacing operations of RV pacemaker 14.

[0235] FIG.12is aflow chart 700 of a method performed by
RV pacemaker 14 for automatically adjusting the P-wave
detector filter 264 according to another example. At block
702, the RV pacemaker control module 206 determines if it is
time for selecting or adjusting the bandpass of P-wave detec-
tor filter 264. Bandpass selection may be performed accord-
ing to the method of flow chart 700 on a periodic basis when
the heart rhythm is verified to be a normal sinus rhythm, e.g.,
based on R-wave sense event signals 258 (FIG. 4A). Band-
pass selection may additionally or alternatively be performed
according to the method of flow chart 700 on a triggered basis.
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For example, the process shown by flow chart 700 may be
entered from block 560 of F1IG. 10A or block 584 of F1IG. 10B.
[0236] At block 704, the control module 206 may control
pulse generator 202 in a temporary safe pacing mode, e.g., a
VVI pacing mode set at a nominal pacing rate or a rate based
on a median or running average of RR intervals between
R-wave sense event signals 258. During the process for
searching for an optimal P-wave detector filter bandpass,
ventricular pacing may be controlled by control module 206
such that pacing pulse delivery is unaftected by over or under
sensing of cardiac events that may occur as the P-wave detec-
tor filter 264 is adjusted. In other words, pace timing module
270 may be temporarily configured to respond only to
R-wave sense event signals 258 from R-wave detector 252 for
controlling the timing of ventricular pacing pulses during the
process of flow chart 700.

[0237] At block 706, the sensing module 204 of RV pace-
maker 14 determines if T-waves are distinct from P-waves
and R-waves in the filtered cardiac electrical signal 266 at the
current filter bandwidth. T-waves are determined to be dis-
tinct from both P-waves and R-waves based on predetermined
distinction criteria. For example, T-wave distinction criteria
may require that the differences between a T-wave feature and
the analogous P-wave and R-wave features are sufficiently
large enough to confidently set sensing thresholds between
these feature values that reliably distinguish P-waves,
T-waves and R-waves in the filtered signal 266.

[0238] Insome cases, T-waves may be identifiable from the
filtered cardiac electrical signal 266 but may not meet criteria
defined for determining that the T-waves are distinct. For
example, T-waves may be identified from the filtered signal
266 based on timing following an R-wave sense event signal
from R-wave detector 252, e.g., during a T-wave window.
However, inthe filtered signal 266, the difference between the
T-wave peak amplitude and the P-wave peak amplitude may
not meet T-wave distinction criteria. For example, T-wave and
P-wave peak amplitudes may be required to have at least a
50% difference to determine that the identified T-wave is
distinct from the P-wave. In another example, the T-wave and
the P-wave may be identified following the R-wave but may
be merged such that T-wave and the P-wave are not separated
enough in time or amplitude to meet predetermined criteria
for detecting the T-waves as being distinct.

[0239] The determination of whether the T-wave is distinct
may be made at block 706, for example, based on a compari-
son of the maximum peak amplitudes of a P-wave, R-wave
and T-wave each sensed using respective sensing thresholds
according to the methods described in conjunction with
FIGS. 5A through 5C. If the maximum peak amplitudes of
each sensed event are a predetermined difference away from
each other, e.g., at least 50% to 75% away from each other
enabling distinct cardiac event sensing threshold amplitudes
to be defined, the P-, T- and R-waves may be determined to be
distinct at block 706. The relative time of a sensed P-wave and
a sensed T-wave from a sensed R-wave may also be used to
determine distinctness between the three cardiac events at
block 706. In some cases, a T-wave is determined to be
distinct from P-waves and R-waves at block 706 based on an
absence of a T-wave within a T-wave window following the
R-wave and a P-wave occurring outside the T-wave window.
In this case, the T-wave may be effectively filtered from the
filtered signal 266.

[0240] If the T-waves are distinct from P-waves and
R-waves at block 706, the current bandpass of the P-wave
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detector filter 264 is determined to be appropriate at block
732. No adjustment of the filter bandpass is made. The sens-
ing module 204 and control module 206 may exit the process
of flow chart 700, and switch from the safe pacing mode set at
block 704 to return to atrial-synchronized ventricular pacing
using FF sensed P-waves. The pace timing and control mod-
ule 270 may be re-enabled to respond to P-wave sense event
signals 272.

[0241] If the T-waves are not distinct from P-waves and
R-waves at block 706 according to predetermined criteria for
classifying the T-waves as being distinct, the sensing module
204 determines if T-waves can be identified from the filtered
cardiac signal 266 at block 708. If T-waves are not identified
at block 708, e.g., if only R-waves and P-waves are detected
at block 706, the sensing module 204 or the control module
206 may check for evidence of possible T-wave oversensing
(TWOS) at block 710.

[0242] For example, if a fast ventricular rate is detected at
block 710, based on a rate of R-wave sense event signals 258
produced by R-wave detector 252 or based on a rate of
R-wave sensing threshold crossings determined by P-wave
detector 262, T-wave oversensing may be occurring. In some
cases, T-waves may be sensed as R-waves and correctly iden-
tified as T-waves due to the T-wave amplitude being indistinct
from the R-wave amplitude. A fast rate of sensed R-waves
may be evidence of TWOS. A fast rate of sensed R-waves
may be detected based on RR intervals less than 400 ms, less
than 300 ms, or less than a predefined tachycardia detection
interval.

[0243] In other instances, T-waves may be oversensed as
P-waves due to the timing and amplitude of T-waves and
P-waves being indistinct based on currently established
P-wave sensing criteria. In this case, the rhythm may be
AS-VP-AS-VP occurring at a relatively fast rate, for example
ata VP-AS interval of 400 ms. The AS events may be T-waves
falsely sensed as P-waves and causing the pace timing and
control module 270 to set AV pacing escape intervals in
response to the false P-wave sense event signals. The T-waves
falsely sensed as P-waves can lead to pacing the ventricle at a
relatively fast rate. Accordingly the rhythm pattern of AS-VP-
AS-VP at regular short intervals may be evidence of TWOS
detected at block 710.

[0244] In order to determine if TWOS is occurring in
response to determining that TWOS is suspected at block
710, the P-wave detector 262 temporarily increases the
P-wave sensitivity and/or modulates the ventricular pacing
pulse timing at block 712. P-wave sensitivity may be
increased by lowering the P-wave sensing threshold. The
ventricular pacing pulse timing may be modulated by adjust-
ing the VV escape interval and/or adjusting the AV escape
interval. If the AV escape interval is shortened, the next
P-wave sense event is expected to be later after the R-wave,
but a true T-wave after the R-wave is expected to move earlier
with the earlier ventricular pacing pulse. If an atrial sense
event occurs earlier upon shortening the AV escape interval,
TWOS is detected. The earlier atrial sense event is identified
as an oversensed T-wave at block 714. Bandpass filter adjust-
ment is made at block 720 or 728 as described below to make
the T-wave and P-wave distinct.

[0245] In another example, the AV escape interval may be
lengthened, e.g., by 50 ms or more. The time interval between
the ventricular pacing pulse and the atrial sense event is
determined at the lengthened AV escape interval. If the time
interval from the ventricular pacing pulse to the next atrial
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sense event stays the same, the atrial sense event is an over-
sensed T-wave. Bandpass filter adjustment is made at block
720 or 728 as described below to make the T-wave and
P-wave distinct. If the interval shortens, the atrial sense event
is a true atrial event; the ventricular pacing pulse has been
moved later or closer to the next atrial event in time.

[0246] T-waves are identified at block 714 if modulation of
the ventricular pacing pulse timing does not alter a V-pace to
P-Sense interval (in which case the P-Sense is actually a
T-wave). T-waves may also be identified if a lower P-wave
sensing threshold results in more atrial sense events. True
P-waves may be sensed at the increased sensitivity and true
T-waves may be identified as being oversensed as P-waves
when the sensitivity is lower (sensing threshold higher). If
oversensed T-waves are identified, bandpass filter adjustment
is made by advancing to block 722.

[0247] Inother instances, T-waves may be sensed at a lower
P-wave sensing threshold when the T-wave has a lower ampli-
tude than the P-waves. If lowering the P-wave sensing thresh-
old reveals low amplitude sensed events consistent with
T-wave timing relative to R-wave sense events in addition to
true P-wave sense events, T-waves are identified at block 714,
and T-wave filtering is deemed appropriate at block 732.

[0248] If T-waves can still not be identified at block 714 at
the modulated ventricular pacing pulse times and/or reduced
P-wave sensing threshold, T-waves may be considered absent
from the filtered signal 266. The P-wave detector filter band-
passis deemed appropriate at block 732. No adjustment of the
bandpass is required, and atrial-synchronized ventricular
pacing may be restored. Additionally or alternatively,
T-waves may be identified at block 714 using a differential
signal and/or an integrated signal as described above in con-
junction with FIG. 7B.

[0249] If T-wave oversensing is not suspected based on the
ventricular rate at block 710, or if T-waves are identified but
are similar to P-waves in amplitude, timing and/or morphol-
ogy as determined at block 716, the sensing module 204
determines at block 718 if the P-wave detector filter 264 has
already been adjusted to maximize the T-wave. The process
700 performed by RV pacemaker 14 takes advantage of the
expected bandpass frequencies that will increase the T-wave
signal in the filtered cardiac electrical signal 266 in order to
intentionally increase T-wave amplitude when the T-wave
amplitude and/or morphology is similar to the P-wave.

[0250] If the filter has not been adjusted to maximize the
T-wave signal, the bandpass of filter 264 is adjusted at block
720 to increase the T-wave signal strength. The bandpass may
be adjusted, e.g., by lowering the center frequency and/or
increasing or decreasing the bandwidth. If the new bandpass
makes P-waves, T-waves and R-waves distinct, as determined
at block 730, e.g., based on the criteria described above in
conjunction with block 706, the adjusted bandpass is deemed
appropriate at block 732. The T-wave may be intentionally
increased in amplitude by adjusting the bandpass of P-wave
detector filter 264 to provide greater separation of the P-wave
and T-wave based on amplitude, time, and or morphology.

[0251] While not explicitly shown in FIG. 12, it is under-
stood that the process may repeat the steps at block 718 and
720 to make multiple adjustments to the P-wave detector filter
264 until the T-wave signal is increased enough to make
T-waves distinct from P-waves. If the filter has been adjusted
to a bandpass that results in a maximum T-wave signal ampli-
tude and/or width at block 718, but the T-waves are still not
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distinct from P-waves, the bandpass may be adjusted at block
728 to make the T-wave signals smaller in the filtered signal
266.

[0252] Similarly, if the T-waves are identified in the filtered
signal at block 708, and are distinct from P-waves but are
similar to the R-waves in amplitude as determined at block
724, the bandpass may be adjusted at block 728 to make the
T-wave signal strength smaller. While not explicitly shown in
FIG. 12, the steps at blocks 728 and 722 for adjusting the
bandpass to decrease the T-wave signal strength in the filtered
signal 266 until the T-wave cannot be made any smaller may
be repeated multiple times until a bandpass that results in the
minimized T-wave signal is identified.

[0253] Atblock 730, the sensing module 204 determines if
the adjusted bandpass makes the R-wave, P-wave and T-wave
distinct in the filtered signal by decreasing the T-wave signal,
not necessarily to a minimum. If the P-wave, T-wave, and
R-wave are now distinct, e.g., by making the T-wave ampli-
tude smaller, the adjusted bandpass is deemed appropriate for
enabling P-wave sensing and atrial-synchronized ventricular
pacing at block 732. Sensing module 204 may be configured
to determine if T-waves are distinct from P-waves and from
R-waves within a maximum number of filter adjustments.
[0254] If T-waves can be identified from the filtered signal
atblock 708 but T-wave features are distinct from P-waves but
not R-waves based on predetermined distinction criteria
(“no” branch of block 724), the bandpass may be adjusted to
increase the R-wave amplitude at block 726 to increase
amplitude-based separation between T-waves and R-waves in
some examples. In some cases, separation of R-waves and
T-waves by P-wave detector 262 is not required if the separate
R-wave detector 252 is reliably producing R-wave sense
event signals 258. However, if all three events are being
sensed from filtered signal 266 and used for controlling pac-
ing escape interval, it may be desirable to increase the sepa-
ration between T-waves and R-waves when these signals are
indistinct. If separation between T-waves and R-waves is
increased, T-waves and P-waves can be distinguished based
on time and/or amplitude relative to a sensed R-wave.
[0255] If all adjusted bandpasses tested for either increas-
ing or decreasing the T-wave signal strength or increasing the
R-wave fail to make the P-wave, T-wave, and R-wave distinct
based on at least time, amplitude and/or morphology, as deter-
mined at block 730, according to predetermined distinction
criteria, the control module 206 may temporarily suspend
atrial-synchronized ventricular pacing at block 734 by setting
the pacing mode to a VVI mode. The bandpass of filter 264
may be reverted back to a previous setting until a future
attempt at adjusting the bandpass filter is made again.
[0256] While the disclosure is susceptible to various modi-
fications and alternative forms, specific embodiments thereof
have been shown by way of example in the drawings and are
herein described in detail. It should be understood, however,
that the description herein of specific embodiments is not
intended to limit the disclosure to the particular forms dis-
closed, but on the contrary, the intention is to cover all modi-
fications, equivalents, and alternatives falling within the spirit
and scope of the disclosure as defined by the appended
claims.

[0257] For example, the following Items are illustrative of
further embodiments:

Item 1. A method performed by a medical device, comprising:
[0258] filtering a raw cardiac electrical signal received by
the medical device according to first filtering properties to
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produce a filtered cardiac electrical signal, the raw cardiac
electrical signal comprising first cardiac events, second car-
diac events different than the first cardiac events, and third
cardiac events different than the first cardiac events and the
second cardiac events;

[0259] detecting a first crossing of a first threshold by the
filtered cardiac electrical signal;

[0260] identifying one of the second cardiac events after the
first crossing;
[0261] detecting a second crossing of the first threshold by

the filtered cardiac electrical signal after the identified one of
the second cardiac events;

[0262] analyzing the first crossing and the second crossing
of' the filtered cardiac electrical signal;

[0263] establishing cardiac event sensing criteria that dis-
criminate the first cardiac events from the third cardiac events
based on the analyzing of the first crossing and the second
crossing; and

[0264] sensing the first cardiac events from the filtered car-
diac electrical signal when the established cardiac event sens-
ing criteria are met.

Item 2. The method of item 1, further comprising identifying
the one of the second cardiac events in response to one of a
delivered cardiac pacing pulse and a crossing of a second
threshold by a cardiac electrical signal, the second threshold
greater than the first threshold.

Item 3. The method of any one of items 1-2, wherein analyz-
ing the first crossing and the second crossing comprises:
[0265] setting a sensing window in response to identifying
the second cardiac event; and

[0266] determining if one of the first crossing and the sec-
ond crossing occurs within the sensing window.

Item 4. The method of any one of items 1-3, wherein analyz-
ing the first crossing and the second crossing of the filtered
cardiac electrical signal comprises determining an alternate
signal, the alternate signal being at least one of a differential
signal of the filtered cardiac electrical signal, a differential
signal of the raw cardiac electrical signal, an integrated signal
of the filtered cardiac electrical signal, and an integrated
signal of the raw cardiac electrical signal; and

[0267] comparing a feature of the alternate signal at a time
of'the first crossing to a feature of the alternate signal at a time
of the second crossing.

Item 5. The method of any one of items 1-4, wherein:
[0268] analyzing the first crossing and the second crossing
of'the filtered cardiac electrical signal comprises:

[0269] acquiring a first waveform of the filtered cardiac
electrical signal corresponding to the first crossing of the
first threshold,

[0270] acquiring a second waveform of the filtered car-
diac electrical signal corresponding to the second cross-
ing of the first threshold, and

[0271] comparing the first waveform to the second wave-
form to verify that the first and second waveforms do not
match; and

[0272] establishing the cardiac event sensing criteria com-
prises:

[0273] determining a first feature from the first wave-
form;

[0274] determining a second feature from the second
waveform, the second feature analogous to the first fea-
ture;

[0275] determining a difference between the first feature

and the second feature; and
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[0276] establishing the cardiac event sensing criteria by
at least setting a cardiac event sensing criterion based on
the difference.

Item 6. The method of any one of items 1-5, wherein:
analyzing the first crossing and the second crossing com-
prises:

[0277] setting a sensing window in response to identifying
the second cardiac event;

[0278] determining ifthe second crossing occurs within the
sensing window; and

[0279] determining if the first waveform and the second
waveform match; and establishing the cardiac event sensing
criteria to include setting the sensing window in response to
identified second cardiac events when the second crossing
occurs within the sensing window and the first waveform and
the second waveform do not match.

Item 7. The method of any one of items 1-5, wherein analyz-
ing the first crossing and the second crossing comprises:
[0280] determining if the first waveform and the second
waveform match;

[0281] analyzing an alternate cardiac electrical signal when
the first waveform and the second waveform do match, the
alternate cardiac electrical signal being one of the raw cardiac
electrical signal, an integrated signal of the filtered cardiac
electrical signal, and an alternate filtered cardiac electrical
signal produced by filtering the raw cardiac electrical signal
according to second filtering properties different than the first
filtering properties;

[0282] identifying the third cardiac event on the alternate
cardiac electrical signal;

[0283] determining if one of first crossing and the second
crossing coincide with the third cardiac event on the alternate
cardiac electrical signal; and

[0284] adjusting the first filtering properties when one of
the first threshold crossing and the next threshold crossing
coincide with the third cardiac event of the alternate cardiac
electrical signal.

Item 8. The method of any one of items 1-7, wherein analyz-
ing the first crossing and the second crossing further com-
prises:

[0285] determining if the first waveform and the second
waveform match based on the comparing;

[0286] searching for an inflection point along a descending
portion of at least one of the first waveform and the second
waveform when the first waveform and the second waveform
match;

[0287] detecting one of the first cardiac events along one of
the third cardiac events in the filtered cardiac electrical signal
when the inflection point is found along the descending por-
tion; and

[0288] establishing the cardiac event sensing criteria in
response to finding the inflection point along the descending
portion.

Item 9. The method of any one of items 1-8, further compris-
ing:

[0289] when the first waveform and the second waveform
do not match based on the comparing, enabling setting a
pacing escape interval upon sensing the first cardiac events
according to the established sensing criteria;

[0290] controlling a pulse generator to deliver a pacing
pulse to a patient’s heart when the pacing escape interval
expires;
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and

[0291] disabling setting the pacing escape interval when
the first waveform and the second waveform do match based
on the comparing.

Item 10. The method of any one of items 1-9, further com-
prising:

[0292] detecting a decreasing time interval between the
third cardiac events and the first cardiac events, and

[0293] updating the established sensing criteria in response
to detecting the decreasing event time interval.

Item 11. The method of any one of items 1-10, further com-
prising:

[0294] setting a first pacing escape interval in response to
sensing a first sensed event sensed according to the estab-
lished sensing criteria;

[0295] delivering a first pacing pulse upon expiration of the
first pacing escape interval;

[0296] determining a first time interval from the first pacing
pulse to a second sensed event sensed according to the estab-
lished sensing criteria;

[0297] setting a second pacing escape interval in response
to sensing a third sensed event sensed according to the estab-
lished sensing criteria;

[0298] delivering a second pacing pulse upon expiration of
the second pacing escape interval, the second pacing escape
interval shorter than the first pacing escape interval;

[0299] determining a second time interval from the second
pacing pulse to a fourth sensed event sensed according to the
established sensing criteria;

[0300] determining if the first time interval matches the
second time interval; and

[0301] updating the established sensing criteria in response
to the first time interval and the second time interval match-
ing.

Item 12. An implantable medical device, comprising:

[0302] a sensing module configured to receive a raw car-
diac electrical signal via electrodes coupled to the sensing
module, the raw cardiac electrical signal comprising first
cardiac events, second cardiac events different than the first
cardiac events, and third cardiac events different than the first
cardiac events and the second cardiac events, the sensing
module configured to:

[0303] filter the raw cardiac electrical signal according to
first filtering properties to produce a filtered cardiac electrical
signal;

[0304] detect a first crossing of a first threshold by the
filtered cardiac electrical signal;

[0305] identify one of the second cardiac events after the
first crossing;
[0306] detect a second crossing of the first threshold by the

filtered cardiac electrical signal after the identified one of the
second cardiac events;

[0307] analyze the first crossing and the second crossing of
the filtered cardiac electrical signal;

[0308] establish cardiac event sensing criteria that dis-
criminate the first cardiac events from the third cardiac events
based on the analyzing of the first crossing and the second
crossing; and

[0309] sense the first cardiac events from the filtered car-
diac electrical signal when the established cardiac event sens-
ing criteria are met.

Item 13. The device of item 12, further comprising a pulse
generator configured to generate and deliver a pacing pulse to
apatient’s heart via electrodes coupled to the pulse generator,
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[0310] wherein the sensing module is configured to identify
the one of the second cardiac events in response to one of a
delivered cardiac pacing pulse and a crossing of a second
threshold by a cardiac electrical signal, the second threshold
greater than the first threshold.

Item 14. The device of any one of items 12-13, wherein the
sensing module is configured to analyze the first crossing and
the second crossing by at least:

[0311] setting a sensing window in response to identifying
the second cardiac event;

and

[0312] determining if one of the first crossing and the sec-

ond crossing occurs within the sensing window.
Item 15. The device of any one of items 12-14, wherein the
sensing module is configured to analyze the first crossing and
the second crossing of the filtered cardiac electrical signal by:
[0313] determining an alternate signal, the alternate signal
being at least one of a differential signal of the filtered cardiac
electrical signal, a differential signal of the raw cardiac elec-
trical signal, an integrated signal of the filtered cardiac elec-
trical signal, and an integrated signal of the raw cardiac elec-
trical signal; and
[0314] comparing a feature of the alternate signal at a time
of'the first crossing to a feature of the alternate signal at a time
of the second crossing.
Item 16. The device of any one of items 12-15, wherein the
sensing module is configured to analyze the first crossing and
the second crossing of the filtered cardiac electrical signal by
at least:
[0315] acquiring a first waveform of the filtered cardiac
electrical signal corresponding to the first crossing of the first
threshold;
[0316] acquiring a second waveform of the filtered cardiac
electrical signal corresponding to the second crossing of the
first threshold; and
[0317] comparing the first waveform to the second wave-
form.
Item 17. The device of any one of items 12-16, wherein the
sensing module is further configured to:
[0318] analyze the first crossing and the second crossing
by:
[0319] setting a sensing window in response to identify-
ing the second cardiac event;
[0320] determining if the second crossing occurs within
the sensing window; and
[0321] determining if the first waveform and the second
waveform match; and
[0322] establishing the cardiac event sensing criteria to
include setting the sensing window in response to identified
second cardiac events when the second crossing occurs
within the sensing window and the first waveform and the
second waveform do not match.
Item 18. The device of any one of items 12-17, wherein the
sensing module is further configured to analyze the first
crossing and the second crossing by:
[0323] determining if the first waveform and the second
waveform match;
[0324] analyzing an alternate cardiac electrical signal
received by the sensing module via the electrodes coupled to
the sensing module when the first waveform and the second
waveform do match, the alternate cardiac electrical signal
being one of the raw cardiac electrical signal, an integrated
signal of the filtered cardiac electrical signal, and an alternate
filtered cardiac electrical signal produced by the sensing
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module by filtering the raw cardiac electrical signal according
to second filtering properties different than the first filtering
properties;

[0325] identifying the third cardiac event on the alternate
cardiac electrical signal;

[0326] determining if one of first crossing and the second
crossing coincide with the third cardiac event on the alternate
cardiac electrical signal; and

[0327] adjusting the first filtering properties when one of
the first threshold crossing and the next threshold crossing
coincide with the third cardiac event of the alternate cardiac
electrical signal.

Item 19. The device of any one of items 12-18, wherein the
sensing module is further configured to analyze the first
crossing and the second crossing by:

[0328] determining if the first waveform and the second
waveform match based on the comparing;

[0329] searching for an inflection point along a descending
portion of at least one of the first waveform and the second
waveform when the first waveform and the second waveform
match;

[0330] detecting one of the first cardiac events along one of
the third cardiac events in the filtered cardiac electrical signal
when the inflection point is found along the descending por-
tion; and

[0331] establishing the cardiac event sensing criteria in
response to finding the inflection point along the descending
portion.

Item 20. The device of any one of items 12-19, further com-
prising:

[0332] apulse generator configured to generate and deliver
apacing pulse to a patient’s heart via electrodes coupled to the
pulse generator;

[0333] a control module coupled to the sensing module and
the pulse generator and configured to:

[0334] enable setting a pacing escape interval when the
first waveform and the second waveform do not match
based on the comparing;

[0335] set the pacing escape interval upon sensing each
one of the first cardiac events according to the estab-
lished sensing criteria;

[0336] control the pulse generator to deliver a pacing
pulse to a patient’s heart when the pacing escape interval
expires; and

[0337] disable setting the pacing escape interval when
the first waveform and the second waveform do match
based on the comparing.

Item 21. The device of any one of items 12-20, wherein the
sensing module is further configured to:

[0338] detect a decreasing event time interval between the
third cardiac events and the first cardiac events, and

[0339] update the established sensing criteria in response to
detecting the decreasing event time interval.

Item 22. The device of any one of items 12-21, further com-
prising:

[0340] a pulse generator configured to generate and deliver
apacing pulse to a patient’s heart via electrodes coupled to the
pulse generator;

[0341] a control module coupled to the sensing module and
the pulse generator and configured to:

[0342] seta first pacing escape interval in response to a first
sensed event sensed by the sensing module according to the
established sensing criteria;
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[0343] control the pulse generator to deliver a first pacing
pulse upon expiration of the first pacing escape interval;
[0344] determine a first time interval from the first pacing
pulse to a second sensed event sensed by the sensing module
according to the established sensing criteria;

[0345] set a second pacing escape interval in response to a
third sensed event sensed by the sensing module according to
the established sensing criteria;

[0346] delivering a second pacing pulse upon expiration of
the second pacing escape interval, the second pacing escape
interval shorter than the first pacing escape interval;

[0347] determining a second time interval from the second
pacing pulse to a fourth sensed event sensed by the sensing
module according to the established sensing criteria;

[0348] determining if the first time interval matches the
second time interval; and

[0349] updating the established sensing criteria in response
to the first time interval and the second time interval match-
ing.

Item 23. A non-transitory, computer-readable medium stor-
ing a set of instructions which, when executed by an implant-
able medical device cause the device to:

[0350] filter a raw cardiac electrical signal received by the
medical device according to first filtering properties to pro-
duce a filtered cardiac electrical signal, the raw cardiac elec-
trical signal comprising first cardiac events, second cardiac
events different than the first cardiac events, and third cardiac
events different than the first and second cardiac events;
[0351] detect a first crossing of a first threshold by the
filtered cardiac electrical signal;

[0352] identify one of the second cardiac events after the
first crossing;
[0353] detect a second crossing of the first threshold by the

filtered cardiac electrical signal after the identified one of the
second cardiac events;
[0354] analyze the first crossing and the second crossing of
the filtered cardiac electrical signal;
[0355] establish cardiac event sensing criteria that dis-
criminate the first cardiac events from the third cardiac events
based on the analyzing of the first crossing and the second
crossing; and
[0356] sense the first cardiac events from the filtered car-
diac electrical signal when the established cardiac event sens-
ing criteria are met.
[0357] Thus, various examples of an implantable medical
device including a sensing extension having a flotation mem-
ber have been described. It is recognized that various modi-
fications may be made to the described embodiments without
departing from the scope of the following claims.
1. A method performed by a medical device, comprising:
filtering a raw cardiac electrical signal received by the
medical device according to first filtering properties to
produce a filtered cardiac electrical signal, the raw car-
diac electrical signal comprising first cardiac events,
second cardiac events different than the first cardiac
events, and third cardiac events different than the first
cardiac events and the second cardiac events;
detecting a first crossing of a first threshold by the filtered
cardiac electrical signal;
identifying one of the second cardiac events after the first
crossing;
detecting a second crossing of the first threshold by the
filtered cardiac electrical signal after the identified one
of the second cardiac events;
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analyzing the first crossing and the second crossing of the

filtered cardiac electrical signal;

establishing cardiac event sensing criteria that discriminate

the first cardiac events from the third cardiac events
based on the analyzing of the first crossing and the
second crossing; and

sensing the first cardiac events from the filtered cardiac

electrical signal when the established cardiac event sens-
ing criteria are met.

2. The method of claim 1, further comprising identifying
the one of the second cardiac events in response to one of a
delivered cardiac pacing pulse and a crossing of a second
threshold by a cardiac electrical signal, the second threshold
greater than the first threshold.

3. The method of claim 1, wherein analyzing the first
crossing and the second crossing comprises:

setting a sensing window in response to identifying the

second cardiac event; and

determining if one of the first crossing and the second

crossing occurs within the sensing window.

4. The method of claim 1, wherein analyzing the first
crossing and the second crossing of the filtered cardiac elec-
trical signal comprises determining an alternate signal, the
alternate signal being at least one of a differential signal of the
filtered cardiac electrical signal, a differential signal of the
raw cardiac electrical signal, an integrated signal of the fil-
tered cardiac electrical signal, and an integrated signal of the
raw cardiac electrical signal; and

comparing a feature of the alternate signal at a time of the

first crossing to a feature of the alternate signal at a time
of the second crossing.

5. The method of claim 1, wherein:

analyzing the first crossing and the second crossing of the

filtered cardiac electrical signal comprises:

acquiring a first waveform of the filtered cardiac electri-
cal signal corresponding to the first crossing of the
first threshold,

acquiring a second waveform of the filtered cardiac elec-
trical signal corresponding to the second crossing of
the first threshold, and

comparing the first waveform to the second waveform to
verify that the first and second waveforms do not
match; and

establishing the cardiac event sensing criteria comprises:

determining a first feature from the first waveform;

determining a second feature from the second wave-
form, the second feature analogous to the first feature;

determining a difference between the first feature and
the second feature; and

establishing the cardiac event sensing criteria by at least
setting a cardiac event sensing criterion based on the
difference.

6. The method of claim 5, wherein:

analyzing the first crossing and the second crossing com-

prises:

setting a sensing window in response to identifying the
second cardiac event;

determining if the second crossing occurs within the
sensing window; and

determining if the first waveform and the second wave-
form match; and

establishing the cardiac event sensing criteria to include

setting the sensing window in response to identified
second cardiac events when the second crossing occurs
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within the sensing window and the first waveform and
the second waveform do not match.

7. The method of claim 5, wherein analyzing the first

crossing and the second crossing comprises:

determining if the first waveform and the second waveform
match;

analyzing an alternate cardiac electrical signal when the
first waveform and the second waveform do match, the
alternate cardiac electrical signal being one of the raw
cardiac electrical signal, an integrated signal of the fil-
tered cardiac electrical signal, and an alternate filtered
cardiac electrical signal produced by filtering the raw
cardiac electrical signal according to second filtering
properties different than the first filtering properties;

identifying the third cardiac event on the alternate cardiac
electrical signal;

determining if one of first crossing and the second crossing
coincide with the third cardiac event on the alternate
cardiac electrical signal; and

adjusting the first filtering properties when one of the first
threshold crossing and the next threshold crossing coin-
cide with the third cardiac event of the alternate cardiac
electrical signal.

8. The method of claim 5, wherein analyzing the first

crossing and the second crossing further comprises:

determining if the first waveform and the second waveform
match based on the comparing;

searching for an inflection point along a descending por-
tion of at least one of the first waveform and the second
waveform when the first waveform and the second wave-
form match;

detecting one of the first cardiac events along one of the
third cardiac events in the filtered cardiac electrical sig-
nal when the inflection point is found along the descend-
ing portion; and

establishing the cardiac event sensing criteria in response
to finding the inflection point along the descending por-
tion.

9. The method of claim 5, further comprising:

when the first waveform and the second waveform do not
match based on the comparing, enabling setting a pacing
escape interval upon sensing the first cardiac events
according to the established sensing criteria;

controlling a pulse generator to deliver a pacing pulse to a
patient’s heart when the pacing escape interval expires;
and

disabling setting the pacing escape interval when the first
waveform and the second waveform do match based on
the comparing.

10. The method of claim 1, further comprising:

detecting a decreasing time interval between the third car-
diac events and the first cardiac events, and

updating the established sensing criteria in response to
detecting the decreasing event time interval.

11. The method of claim 1, further comprising:

setting a first pacing escape interval in response to sensing
a first sensed event sensed according to the established
sensing criteria;

delivering a first pacing pulse upon expiration of the first
pacing escape interval;

determining a first time interval from the first pacing pulse
to a second sensed event sensed according to the estab-
lished sensing criteria;
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setting a second pacing escape interval in response to sens-
ing a third sensed event sensed according to the estab-
lished sensing criteria;

delivering a second pacing pulse upon expiration of the
second pacing escape interval, the second pacing escape
interval shorter than the first pacing escape interval;

determining a second time interval from the second pacing
pulse to a fourth sensed event sensed according to the
established sensing criteria;

determining if the first time interval matches the second
time interval; and

updating the established sensing criteria in response to the
first time interval and the second time interval matching.

12. An implantable medical device, comprising:

a sensing module configured to receive a raw cardiac elec-
trical signal via electrodes coupled to the sensing mod-
ule, the raw cardiac electrical signal comprising first
cardiac events, second cardiac events different than the
first cardiac events, and third cardiac events different
than the first cardiac events and the second cardiac
events, the sensing module configured to:

filter the raw cardiac electrical signal according to first
filtering properties to produce a filtered cardiac electri-
cal signal;

detect a first crossing of a first threshold by the filtered
cardiac electrical signal;

identify one of the second cardiac events after the first
crossing;

detect a second crossing of the first threshold by the filtered
cardiac electrical signal after the identified one of the
second cardiac events;

analyze the first crossing and the second crossing of the
filtered cardiac electrical signal;

establish cardiac event sensing criteria that discriminate
the first cardiac events from the third cardiac events
based on the analyzing of the first crossing and the
second crossing; and

sense the first cardiac events from the filtered cardiac elec-
trical signal when the established cardiac event sensing
criteria are met.

13. The device of claim 12, further comprising a pulse
generator configured to generate and deliver a pacing pulse to
apatient’s heart via electrodes coupled to the pulse generator,

wherein the sensing module is configured to identify the
one of the second cardiac events in response to one of a
delivered cardiac pacing pulse and a crossing of a second
threshold by a cardiac electrical signal, the second
threshold greater than the first threshold.

14. The device of claim 12, wherein the sensing module is
configured to analyze the first crossing and the second cross-
ing by at least:

setting a sensing window in response to identifying the
second cardiac event; and

determining if one of the first crossing and the second
crossing occurs within the sensing window.

15. The device of claim 12, wherein the sensing module is
configured to analyze the first crossing and the second cross-
ing of the filtered cardiac electrical signal by:

determining an alternate signal, the alternate signal being
at least one of a differential signal of the filtered cardiac
electrical signal, a differential signal of the raw cardiac
electrical signal, an integrated signal of the filtered car-
diac electrical signal, and an integrated signal of the raw
cardiac electrical signal; and
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comparing a feature of the alternate signal at a time of the
first crossing to a feature of the alternate signal at a time
of the second crossing.

16. The device of claim 12, wherein the sensing module is
configured to analyze the first crossing and the second cross-
ing of the filtered cardiac electrical signal by at least:

acquiring a first waveform of the filtered cardiac electrical

signal corresponding to the first crossing of the first
threshold;

acquiring a second waveform of the filtered cardiac elec-

trical signal corresponding to the second crossing of the
first threshold; and

comparing the first waveform to the second waveform.

17. The device of claim 16, wherein the sensing module is
further configured to:

analyze the first crossing and the second crossing by:

setting a sensing window in response to identifying the
second cardiac event;

determining if the second crossing occurs within the
sensing window; and

determining if the first waveform and the second wave-
form match; and

establishing the cardiac event sensing criteria to include

setting the sensing window in response to identified
second cardiac events when the second crossing occurs
within the sensing window and the first waveform and
the second waveform do not match.

18. The device of claim 16, wherein the sensing module is
further configured to analyze the first crossing and the second
crossing by:

determining if the first waveform and the second waveform

match;

analyzing an alternate cardiac electrical signal received by

the sensing module via the electrodes coupled to the
sensing module when the first waveform and the second
waveform do match, the alternate cardiac electrical sig-
nal being one of the raw cardiac electrical signal, an
integrated signal of the filtered cardiac electrical signal,
and an alternate filtered cardiac electrical signal pro-
duced by the sensing module by filtering the raw cardiac
electrical signal according to second filtering properties
different than the first filtering properties;

identifying the third cardiac event on the alternate cardiac

electrical signal;

determining if one of first crossing and the second crossing

coincide with the third cardiac event on the alternate
cardiac electrical signal; and

adjusting the first filtering properties when one of the first

threshold crossing and the next threshold crossing coin-
cide with the third cardiac event of the alternate cardiac
electrical signal.

19. The device of claim 16, wherein the sensing module is
further configured to analyze the first crossing and the second
crossing by:

determining if the first waveform and the second waveform

match based on the comparing;

searching for an inflection point along a descending por-

tion of at least one of the first waveform and the second
waveform when the first waveform and the second wave-
form match;

detecting one of the first cardiac events along one of the

third cardiac events in the filtered cardiac electrical sig-
nal when the inflection point is found along the descend-
ing portion; and
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establishing the cardiac event sensing criteria in response
to finding the inflection point along the descending por-
tion.
20. The device of claim 16, further comprising:
a pulse generator configured to generate and deliver a pac-
ing pulseto a patient’s heart via electrodes coupled to the
pulse generator;
a control module coupled to the sensing module and the
pulse generator and configured to:
enable setting a pacing escape interval when the first
waveform and the second waveform do not match
based on the comparing;

set the pacing escape interval upon sensing each one of
the first cardiac events according to the established
sensing criteria;

control the pulse generator to deliver a pacing pulse to a
patient’s heart when the pacing escape interval
expires; and

disable setting the pacing escape interval when the first
waveform and the second waveform do match based
on the comparing.

21. The device of claim 12, wherein the sensing module is

further configured to:

detect a decreasing event time interval between the third
cardiac events and the first cardiac events, and

update the established sensing criteria in response to
detecting the decreasing event time interval.

22. The device of claim 12, further comprising:

a pulse generator configured to generate and deliver a pac-
ing pulseto a patient’s heart via electrodes coupled to the
pulse generator;

a control module coupled to the sensing module and the
pulse generator and configured to:

seta first pacing escape interval in response to a first sensed
event sensed by the sensing module according to the
established sensing criteria;

control the pulse generator to deliver a first pacing pulse
upon expiration of the first pacing escape interval;

determine a first time interval from the first pacing pulse to
a second sensed event sensed by the sensing module
according to the established sensing criteria;

set a second pacing escape interval in response to a third
sensed event sensed by the sensing module according to
the established sensing criteria;

delivering a second pacing pulse upon expiration of the
second pacing escape interval, the second pacing escape
interval shorter than the first pacing escape interval;

determining a second time interval from the second pacing
pulse to a fourth sensed event sensed by the sensing
module according to the established sensing criteria;

determining if the first time interval matches the second
time interval; and

updating the established sensing criteria in response to the
first time interval and the second time interval matching.

23. A non-transitory, computer-readable medium storing a

set of instructions which, when executed by an implantable
medical device cause the device to:

filter a raw cardiac electrical signal received by the medical
device according to first filtering properties to produce a
filtered cardiac electrical signal, the raw cardiac electri-
cal signal comprising first cardiac events, second cardiac
events different than the first cardiac events, and third
cardiac events different than the first and second cardiac
events;
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detect a first crossing of a first threshold by the filtered
cardiac electrical signal;

identify one of the second cardiac events after the first
crossing;

detect a second crossing of the first threshold by the filtered
cardiac electrical signal after the identified one of the
second cardiac events;

analyze the first crossing and the second crossing of the
filtered cardiac electrical signal;

establish cardiac event sensing criteria that discriminate
the first cardiac events from the third cardiac events
based on the analyzing of the first crossing and the
second crossing; and

sense the first cardiac events from the filtered cardiac elec-
trical signal when the established cardiac event sensing
criteria are met.



