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(7) ABSTRACT

Methods for failure recovery in a cardiac rhythm manage-
ment system and apparatus capable of carrying out the
methods. The methods include applying a first pacing
therapy using one or more leads. The methods further
include detecting a failure condition on one or more of the
leads, wherein the failure condition prohibits or frustrates
application of the first pacing therapy. The methods still
further include applying a second pacing therapy using one
or more of the leads subsequent to detecting the failure
condition. The second pacing therapy is preferably chosen
such that the detected failure does not interfere with the
second pacing therapy. The second pacing therapy may be
applied for only one cardiac cycle. The second pacing
therapy may further be applied continuously until the failure
condition is resolved, or it may be latched such that physi-
cian intervention is required to resume the first pacing
therapy.
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SITE REVERSION IN CARDIAC RHYTHM
MANAGEMENT

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application is a continuation of U.S. patent
application Ser. No. 10/314,875, filed on Dec. 9, 2002,
which is a continuation of U.S. patent application Ser. No.
09/650,568, filed on Aug. 30, 2000, now issued as U.S. Pat.
No. 6,493,586, the specifications of which are hereby incor-
porated by reference.

[0002] This application is related to co-pending, com-
monly assigned U.S. patent application Ser. No. 09/651,340,
filed on Aug. 30, 2000, now issued as U.S. Pat. No.
6,584,362, the specification of which is hereby incorporated
by reference.

TECHNICAL FIELD

[0003] The invention relates generally to cardiac rhythm
management systems, and particularly, but not by way of
limitation, to a system providing, among other things, rever-
sionary behavior in multi-chamber pacing therapy.

BACKGROUND

[0004] When functioning properly, the human heart main-
tains its own intrinsic rhythm, and is capable of pumping
adequate blood throughout the body’s circulatory system.
However, some people have irregular cardiac rhythms,
referred to as cardiac arrhythmias. Such arrhythmias result
in diminished blood circulation. One mode of treating car-
diac arrhythmias includes the use of a cardiac rhythm
management system. Such systems are often implanted in
the patient and deliver therapy to the heart.

[0005] Cardiac rhythm management systems include,
among other things, pacemakers, also referred to as pacers.
Pacers deliver timed sequences of low energy electrical
stimuli, called pace pulses, to the heart, such as via an
intravascular lead (referred to as a “lead”) having one or
more electrodes disposed in or about the heart. Heart con-
tractions are initiated in response to such pace pulses (this is
referred to as “capturing” the heart). By properly timing the
delivery of pace pulses, the heart can be induced to contract
in proper rthythm, greatly improving its efficiency as a pump.
Pacers are often used to treat patients with bradyarrhyth-
mias, that is, hearts that beat too slowly, or irregularly.

[0006] Cardiac rhythm management systems also include
cardioverters or defibrillators that are capable of delivering
higher energy electrical stimuli to the heart. Defibrillators
are often used to treat patients with tachyarrhythmias, that is,
hearts that beat too quickly. Such too-fast heart rhythms also
cause diminished blood circulation because the heart isn’t
allowed sufficient time to fill with blood before contracting
to expel the blood. Such pumping by the heart is inefficient.
A defibrillator is capable of delivering a high energy elec-
trical stimulus that is sometimes referred to as a defibrilla-
tion countershock. The countershock interrupts the tach-
yarthythmia, allowing the heart to reestablish a normal
rhythm for the efficient pumping of blood. In addition to
pacers, cardiac rhythm management systems also include,
among other things, pacer/defibrillators that combine the
functions of pacers and defibrillators, drug delivery devices,
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and any other implantable or external systems or devices for
diagnosing or treating cardiac arrhythmias.

[0007] One problem faced by cardiac rhythm management
systems is the treatment of congestive heart failure (also
referred to as “CHF”). In some forms, congestive heart
failure can be treated by biventricular coordination therapy
that provides pacing pulses to both right and left ventricles,
by biatrial coordination therapy that provides pacing pulses
to both the right and left atrium, or other multichamber
coordination therapy. Biventricular and biatrial coordination
therapy each rely on multiple leads and multielectrode leads
to carry out the coordination therapy of multiple chambers
of the heart. In the event of a failure in one or more of these
leads, or their associated circuitry, the ability to perform
coordination therapy is generally lost.

[0008] As will be seen from the above concerns, there
exists a need for improved failure recovery mechanisms in
cardiac rthythm management systems used in biventricular
and/or biatrial coordination therapy. The above-mentioned
problems with failure recovery and other problems are
addressed by the various embodiments of the invention and
will be understood by reading and studying the following
specification.

SUMMARY

[0009] The various embodiments of the invention include
methods for failure recovery in a cardiac rhythm manage-
ment system and apparatus capable of carrying out the
methods. The methods include applying a first pacing
therapy using one or more leads and/or electrodes. The
methods further include detecting a failure condition on one
or more of the leads and/or electrodes, wherein the failure
condition prohibits or frustrates application of the first
pacing therapy. The methods still further include subse-
quently applying a second pacing therapy using a new
combination of one or more of the leads and/or electrodes.
The second pacing therapy is preferably chosen such that the
detected failure does not interfere with the second pacing
therapy. The second pacing therapy may be applied for only
one cardiac cycle. The second pacing therapy may further be
applied continuously until the failure condition is resolved,
or it may be latched such that physician intervention is
required to resume the first pacing therapy.

[0010] One embodiment includes a method of delivering
pacing therapy to a heart. The method includes delivering a
first therapy to a first and second electrode coupled to the
heart, detecting a failure associated with the first electrode,
discontinuing the first therapy during a period of the failure
associated with the first electrode, and delivering a second
therapy to the second electrode during the period of the
failure associated with the first electrode.

[0011] Another embodiment includes a method of deliv-
ering pacing therapy to a heart. The method includes deliv-
ering a first therapy to a first and second electrode of a lead
adapted for implantation on or about the heart. The lead
includes a main lead body adapted to carry signals to and
from the heart, a first electrode associated with the main lead
body, and a second electrode associated with the main lead
body. The first and second electrodes are routed through the
coronary sinus upon implantation. The method further
includes detecting a failure associated with the first elec-
trode, discontinuing the first therapy during a period of the
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failure associated with the first electrode, and delivering a
second therapy to the second electrode during the period of
the failure associated with the first electrode.

[0012] A further embodiment includes a cardiac rhythm
management system. The system includes a first electrode
adapted to couple to a first chamber of a heart, a second
electrode adapted to couple to a second chamber of the heart,
a signal generator for producing pulses to apply to the heart,
wherein the signal generator is coupled to the first electrode
and the second electrode for applying the pulses, and a
processor coupled to the signal generator. The processor is
adapted to cause the signal generator to deliver a first
therapy to the first electrode in the absence of a failure
detection associated with the first electrode, and to deliver a
second therapy to the second electrode in the presence of a
failure detection associated with the first electrode.

[0013] A still further embodiment includes a cardiac
rhythm management system. The system includes a signal
generator for producing pulses to apply to the heart and a
lead adapted for implantation on or about the heart and for
connection to the signal generator, wherein the lead includes
a main lead body adapted to carry signals to and from the
heart, a first electrode associated with the main lead body
and a second electrode associated with the main lead body,
the first and second electrodes being routed through the
coronary sinus upon implantation. The system further
includes a processor coupled to the signal generator, wherein
the processor is adapted to cause the signal generator to
deliver a first therapy to at least the first electrode in the
absence of a failure associated with the first electrode, and
to deliver a second therapy to the second electrode in the
presence of a failure associated with the first electrode.

[0014] An additional embodiment of the cardiac rhythm
management system includes both a first and a second lead,
where both leads have at least one electrode to sense cardiac
signals and to deliver pulses to the heart. The system further
includes a processor coupled to a signal generator, were the
signal generator produces pulses to apply through the elec-
trode(s) on the first and second leads. The processor is
adapted to cause the signal generator to deliver a first
therapy through the at least one electrode of the first lead and
to deliver a second therapy through the at least one electrode
of the second lead in the presence of a failure detection
associated with the first lead.

[0015] Other embodiments include methods and apparatus
of varying scope.

BRIEF DESCRIPTION OF THE DRAWINGS

[0016] FIG. 1 is a schematic drawing illustrating gener-
ally one embodiment of portions of a cardiac rhythm man-
agement system and an environment in which it is used.

[0017] FIG. 2 is a schematic drawing illustrating one
embodiment of a cardiac rhythm management device
coupled by leads to a heart.

[0018] FIG. 3 is a schematic diagram illustrating gener-
ally one embodiment of portions of a cardiac rhythm man-
agement device coupled to a heart.

[0019] FIG. 4 is a flowchart showing one embodiment of
providing pacing therapy.
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[0020] FIG. 5 is a schematic drawing illustrating one
embodiment of a portion of a cardiac rhythm management
device coupled by leads to a heart.

[0021] FIG. 6 is a flowchart showing one embodiment of
providing pacing therapy.

[0022] FIG. 7 is a flowchart showing one embodiment of
providing sensing protocols.

[0023] FIG. 8 is a flowchart showing one embodiment of
providing sensing protocols.

[0024] FIG. 9 is a schematic drawing illustrating gener-
ally one embodiment of portions of a cardiac rhythm man-
agement system having a machine readable medium.

DESCRIPTION OF THE EMBODIMENTS

[0025] In the following detailed description, reference is
made to the accompanying drawings which form a part
hereof, and in which is shown by way of illustration specific
embodiments in which the invention may be practiced.
These embodiments are described in sufficient detail to
enable those skilled in the art to practice the invention, and
it is to be understood that other embodiments may be utilized
and that structural, logical and electrical changes may be
made without departing from the spirit and scope of the
invention. The following detailed description is, therefore,
not to be taken in a limiting sense, and the scope of the
invention is defined by the appended claims and their
equivalents. Like numbers in the figures refer to like com-
ponents, which should be apparent from the context of use.

[0026] The various embodiments will generally be dis-
cussed in the context of biventricular pacing therapies,
having leads coupled to both the right and left ventricles.
However, it should be apparent that the methods described
herein can be readily adapted to biatrial pacing therapies,
having leads coupled to both the right and left atrium, as well
as other multichamber pacing therapies, e.g., one atrium/two
ventricles, two atriums/two ventricles, etc. Furthermore, the
methods described herein can be readily adapted to uni-
chamber therapies, having multiple lead sites within a single
chamber.

[0027] The presence of multiple lead sites permits useful
reversionary behavior. Specifically, it permits therapy rever-
sion to an alternate lead, electrode and/or site if an anomaly
or failure is detected in the programmed lead, electrode
and/or site. For example, if an anomaly is detected in the
right ventricle (RV) lead, electrode and/or site during biven-
tricular pacing, reversion to a lead, electrode and/or site in
the left ventricle (LV) would permit initiation of univen-
tricular LV pacing. While the coordinating therapy may be
lost during the period of reversion, the patient would still
receive potentially life-sustaining rate therapy. As a further
example, if an anomaly is detected in the LV lead, electrode
and/or site during univentricular LV pacing, reversion to a
lead, electrode and/or site in the RV would permit initiation
of univentricular RV pacing. In this example, the multiple
leads and/or electrodes operate as a redundant system.

[0028] The cardiac rhythm management systems of the
various embodiments may generally be used with conven-
tional pacing modes, such as DDD, VVI, AAI, etc. Pacing
modes are generally represented by three or four letters. The
first three letters of the pacing mode generally represent
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Pace, Sense, and Operating Algorithm. The first two letters
are expressed as A (Atrial), V (Ventricle) or D (Dual, both
atrial and ventricular). The third letter generally represents T
(triggered), I (inhibited), or D (for both T and I). A fourth
letter in the description, such as R which indicates Rate
response, is used to describe an additional feature of the
pacemaker. These pacing modes are generally well known in
the art, and will not be discussed in detail herein.

[0029] FIG. 1 is a schematic drawing illustrating, by way
of example, but not by way of limitation, one embodiment
of portions of a cardiac rhythm management system 100 and
an environment in which it is used. In FIG. 1, system 100
includes an implantable pacemaker 105, also referred to as
an electronics unit, which is coupled by an intravascular
endocardial lead 110, or other lead, to a heart 115 of patient
120. Pacemaker 105 is adapted to perform the methods as
described herein. System 100 also includes an external
programmer 125 providing wireless communication with
pacemaker 105 using a telemetry device 130, such as might
be used by a physician to initially program or periodically
reprogram pacemaker 105. Endocardial lead 110 includes a
proximal end 135, which is coupled to pacemaker 105, and
a distal end 140, which is coupled to one or more portions
of heart 115.

[0030] FIG. 2 is a schematic drawing illustrating, by way
of example, but not by way of limitation, one embodiment
of device 105 coupled by leads 110A-C to a heart 115, which
includes a right atrium 200A, a left atrium 200B, a right
ventricle 205A, a left ventricle 205B, and a coronary sinus
220 extending from right atrium 200A. In one such embodi-
ment, system 100 provides biventricular coordination
therapy to coordinate right ventricular and left ventricular
contractions, such as for congestive heart failure patients. In
this embodiment, atrial lead 110A includes electrodes (elec-
trical contacts) disposed in, around, or near the right atrium
200A of heart 115, such as ring electrode 225 and tip
electrode 230, for sensing signals and/or delivering pacing
therapy to the right atrium 200A. Lead 110A optionally also
includes additional electrodes, such as for delivering atrial
and/or ventricular cardioversion/defibrillation and/or pacing
therapy to heart 115. The embodiment further includes a
right ventricular lead 110B having one or more electrodes
disposed in, around, or near the right ventricle 205A, such
as tip electrode 235 and ring electrode 240, for delivering
sensing signals and/or delivering pacing therapy. Lead 110B
optionally also includes additional electrodes, such as for
delivering atrial and/or ventricular cardioversion/defibrilla-
tion and/or pacing therapy to heart 115. The embodiment
further includes a left ventricular lead 110C, inserted
through coronary sinus 220 and into the great cardiac vein
so that its electrodes, which include electrodes 245 and may
optionally include electrode 250, are associated with left
ventricle 205B for sensing intrinsic heart signals and pro-
viding one or more of coordination paces or defibrillation
shocks. Lead 110C optionally also includes additional elec-
trodes, such as for delivering atrial and/or ventricular car-
dioversion/defibrillation and/or pacing therapy to heart 115.

[0031] InFIG.2, device 105 includes components that are
enclosed in a hermetically-sealed can 255. Additional elec-
trodes may be located on the can 255, may be the can 255
itself, may be on an insulating header 260, or on other
portions of device 105, for providing unipolar or bipolar
pacing/sensing and/or defibrillation energy in conjunction
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with the electrodes disposed on or around heart 115. Other
forms of electrodes include meshes and patches which may
be applied to portions of heart 115 or which may be
implanted in other areas of the body to help “steer” electrical
currents produced by device 105. The present method and
apparatus will work in a variety of configurations and with
a variety of electrical contacts or “electrodes.”

[0032] FIG. 3 is a schematic diagram illustrating gener-
ally, by way of example, but not by way of limitation, one
embodiment of portions of device 105, which is coupled to
heart 115. Device 105, as shown in FIG. 3, includes a power
source 300, an atrial sensing circuit 305, a right ventricular
sensing circuit 310, a left ventricular sensing circuit 340, an
atrial therapy circuit 315, a right ventricular therapy circuit
320, a left ventricular therapy circuit 350 and a controller
325. The therapy circuits may also be referred to as signal
generators for producing pulses applied to the heart. It
should be noted that many of the elements of device 105 are
optional, depending upon the desired pacing mode. For
example, an atrial therapy circuit 315 would not be required
for pacing modes such as VVI, VDD or others not utilizing
atrial pacing. As a further example, individual sensing
circuits 305, 310 or 340 would not be required where their
associated leads 110 are utilized only for application of
therapy. Other combinations and permutations will be appar-
ent to those skilled in the art.

[0033] Atrial sensing circuit 305 is coupled by atrial lead
110A to heart 115 for receiving, sensing, and/or detecting
electrical atrial heart signals. Such atrial heart signals
include atrial activations (also referred to as atrial depolar-
izations or P-waves), which correspond to atrial contrac-
tions. Such atrial heart signals include normal atrial rhythms,
and abnormal atrial rhythms including atrial tachyarrhyth-
mias, such as atrial fibrillation, and other atrial activity.
Atrial sensing circuit 305 provides one or more signals to
controller 325, via node/bus 327, based on the received atrial
heart signals. Such signals provided to controller 325 indi-
cate, among other things, the presence of atrial fibrillation.

[0034] Right ventricular sensing circuit 310 is coupled by
ventricular lead 110B to heart 115 for receiving, sensing,
and/or detecting electrical right ventricular heart signals,
such as ventricular activations (also referred to as ventricular
depolarizations or R-waves), which correspond to ventricu-
lar contractions. Such ventricular heart signals include nor-
mal ventricular rhythms, and abnormal ventricular rhythms,
including ventricular tachyarrhythmias, such as ventricular
fibrillation, and other ventricular activity, such as irregular
ventricular contractions resulting from conducted signals
from atrial fibrillation. Right ventricular sensing circuit 310
provides one or more signals to controller 325, via node/bus
327, based on the received right ventricular heart signals.
Such signals provided to controller 325 indicate, among
other things, the presence of ventricular depolarizations,
whether regular or irregular in rhythm.

[0035] Left ventricular sensing circuit 340 is coupled by
ventricular lead 110C to heart 115 for receiving, sensing,
and/or detecting electrical left ventricular heart signals, such
as ventricular activations. Such ventricular heart signals
include normal ventricular rhythms, and abnormal ventricu-
lar rhythms, including ventricular tachyarrhythmias, such as
ventricular fibrillation, and other ventricular activity, such as
irregular ventricular contractions resulting from conducted
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signals from atrial fibrillation. Left ventricular sensing cir-
cuit 340 provides one or more signals to controller 325, via
node/bus 327, based on the received left ventricular heart
signals. Such signals provided to controller 325 indicate,
among other things, the presence of ventricular depolariza-
tions, whether regular or irregular in rhythm.

[0036] Atrial therapy circuit 315 provides atrial pacing
therapy, as appropriate, to electrodes located at or near the
right atrium 200A of heart 115 for obtaining resulting
evoked atrial depolarizations. In one embodiment, atrial
therapy circuit 315 also provides cardioversion/defibrillation
therapy, as appropriate, to electrodes located at or near the
right atrium 200A of heart 115, for terminating atrial fibril-
lation and/or other atrial tachyarrhythmias.

[0037] Right ventricular therapy circuit 320 provides ven-
tricular pacing therapy, as appropriate, to electrodes located
at or near the right ventricle 205A of heart 115 for obtaining
resulting evoked ventricular depolarizations. In one embodi-
ment, right ventricular therapy circuit 320 also provides
cardioversion/defibrillation therapy, as appropriate, to elec-
trodes located at or near the right ventricle 205A of heart
115, for terminating ventricular fibrillation and/or other
ventricular tachyarrhythmias.

[0038] Left ventricular therapy circuit 350 provides ven-
tricular pacing therapy, as appropriate, to electrodes located
at or near the left ventricle 205B of heart 115 for obtaining
resulting evoked ventricular depolarizations. In one embodi-
ment, left ventricular therapy circuit 350 also provides
cardioversion/defibrillation therapy, as appropriate, to elec-
trodes located at or near the left ventricle 205B of heart 115,
for terminating ventricular fibrillation and/or other ventricu-
lar tachyarrhythmias.

[0039] Controller 325 controls the delivery of therapy by
ventricular therapy circuits 320/350 and/or other circuits,
based on heart activity signals received from atrial sensing
circuit 305 and ventricular sensing circuits 310/340. Con-
troller 325 includes various modules, which are imple-
mented either in hardware or as one or more sequences of
instructions carried out on a processor or other controller. It
is understood that the various modules of controller 325
need not be separately embodied, but may be combined
and/or otherwise implemented, such as in software/firm-
ware.

[0040] In general terms, sensing circuits 305, 310 and 340
sense electrical signals from heart tissue in contact with the
catheter leads 110A-C to which these sensing circuits 305,
310 and 340 are coupled. Sensing circuits 305, 310 and 340
and/or controller 325 process these sensed signals. Based on
these sensed signals, controller 325 issues control signals to
therapy circuits, such as atrial therapy circuit 315 and
ventricular therapy circuits 320 and 350, if necessary, for the
delivery of electrical energy (e.g., pacing and/or defibrilla-
tion pulses) to the appropriate electrodes of leads 11A-C.
Controller 325 may include a microprocessor or other con-
troller for execution of software and/or firmware instruc-
tions. The software of controller 325 may be modified (e.g.,
by remote external programmer 105) to provide different
parameters, modes, and/or functions for the implantable
device 105 or to adapt or improve performance of device
105.

[0041] In a further embodiment, one or more sensors, such
as sensor 330, may serve as inputs to controller 325 for
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adjusting the rate at which pacing or other therapy is
delivered to heart 115. One such sensor 330 includes an
accelerometer that provides an input to controller 325 indi-
cating increases and decreases in physical activity, for which
controller 325 increases and decreases pacing rate, respec-
tively. Another such sensor includes an impedance measure-
ment, obtained from body electrodes, which provides an
indication of increases and decreases in the patient’s respi-
ration, for example, for which controller 325 increases and
decreases pacing rate, respectively. Any other sensor 330
providing an indicated pacing rate can be used.

[0042] The multiple ventricular leads each having at least
one electrode as shown in FIGS. 2 and 3 permit a certain
amount of redundancy in terms of patient therapy, particu-
larly in terms of bradycardia therapy. If one ventricular lead
and/or electrode on the lead, for whatever reason, exhibits
behavior indicative of failure, the other lead and/or elec-
trode(s) can be used as a redundant system and provide
pacing therapy. While coordinating CHF therapy may be
compromised or reduced in this example, the device could
continue to provide normal bradycardia therapy, or life
support.

[0043] In devices where lead electrodes are bipolar elec-
trodes, a reversion from bipolar configuration to unipolar
configuration upon indication of a failure of the bipolar lead
is possible. Such bipolar to unipolar reversion may be a
desirable first action in response to indication of failure, with
a lead reversion as described herein used as a second action
if the bipolar to unipolar reversion does not resolve the
failure condition sufficient to maintain the desired pacing
therapy.

[0044] As used herein, failure generally refers to any
condition prohibiting or frustrating use of the lead or elec-
trode in the desired manner during normal operation of the
cardiac rhythm management system. This is not limited to
physical conditions of the lead or lead/tissue interface, but
also includes associated circuitry, power source, software,
memory depletion, external factors, e.g., electromagnetic
interference (EMI), and unintended effects of stimulation
such as abnormal muscle/nerve stimulation. Examples of
failures include, but are not limited to, the detection of an
over-sense condition, sensed noise, lead impedance outside
a predetermined range, detection of capture failure, capture
amplitude voltage outside a predetermined range, intrinsic
amplitude outside a predetermined range, failure to detect an
expected event, an electrical hardware failure, software
failure, memory failure, battery depletion and detection of
unintended non-cardiac stimulation.

[0045] One example of a failure indication includes over-
sense conditions. This may be external EMI or noise at a
level where the device can no longer reliably sense on that
lead. Typically noise is detected by a retriggerable noise
window initiated on a sensed event. A subsequent sensed
event inside the noise window causes it to retrigger (be
extended). A noise condition causes the noise window to be
continuously retriggered so that after some time limit (often
the pacing escape time), if the noise window is still active,
a noise condition is declared (detected) and site reversion
could occur. It may further be a sensed condition that is
outside of expected values such that the reliability of the
sensed condition is questionable. For example, sensed
amplitudes far above the sensing detected threshold.
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[0046] Another example of a failure indication may be
based on lead impedance. Leads are often automatically
checked for lead impedance, e.g., about once a day. Another
example of a failure indication may be based on lead
impedance. In one embodiment, the cardiac rhythm man-
agement system includes circuitry that is capable of mea-
suring the lead impedance (the impedance seen by the
device across a pacing lead or sensing lead). A typical
method for determining the lead impedance is to measure
the output voltage at two points in time during the delivery
of a pace pulse. The pacing voltage in cardiac rhythm
management devices is typically stored on a capacitor that
partially discharges during the delivery of the pacing pulse.
Since the value of this capacitor and the time between the
voltage measurements are known, the lead impedance can be
readily calculated. Lead impedance measurements that fall
outside a previously determined minimum or maximum can
indicate lead failure. It is possible to revert from a pacing
configuration that uses a proximal electrode and a distal
electrode on a single lead (bipolar configuration) to a pacing
configuration that utilizes only the distal electrode. Lead
failure can also be detected when the lead impedance
measurement falls outside a previously determined mini-
mum or maximum. Detection of a lead impedance that is
outside a previously determined range can also trigger a
reversion to an alternate electrode or lead, within the ven-
tricles if the failed lead is in a ventricle or within the atria if
the failed lead is in an atrium, for which the lead impedance
is within a previously determined range, thereby mitigating
the failure. If the lead impedance gets either too high or too
low, the lead or the tissue near the lead can be deemed bad.
In such conditions, it is presumed that the therapy is no
longer effective or potentially desirable on that site, so
reversion to another site may be desirable.

[0047] A further example of a failure condition may be
based on automatic detection of capture failure. Capture is
the condition of activating contraction of the cardiac muscle
by paced stimulation. One such method of detecting capture
failure has a dedicated unipolar evoked response channel
with low capacitance that can detect the evoked response of
the cardiac muscle activation following the pacing artifact.
When the evoked response following the pacing pulse falls
below an evoked response threshold, loss of capture is
declared. When capture failure is detected, pacing is
switched to an alternative pacing site.

[0048] A related example of a failure condition may be
based on the pacing amplitude that is automatically adjusted
by an autocapture system. If the pacing amplitude required
to capture becomes too high, the device may excessively
deplete the battery or the device may be unable to maintain
reliable capture at that site. Thus a failure condition may be
detected when the capture amplitude exceeds a threshold
and site reversion could occur.

[0049] Yet another example of a failure indication may be
based on intrinsic sensed potential amplitude. Device sens-
ing circuits can measure the voltage of the electrical signal
generated by the heart near a sensing lead electrode. If the
maximum or average amplitude of this intrinsic signal falls
below a threshold, sensing at that site may be compromised
and declared in failure so that reversion to an alternate
sensing site could occur.

[0050] Circuit failures would also constitute a failure
indication. Examples may include failure of an individual
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sensing circuit or a therapy circuit, or loss of a pacing
parameter in the controller. While global circuit failures may
moot the recovery mechanisms described herein, e.g., lead
reversion will be ineffective in the case of a power source
failure, local circuit failures may be amenable to such
recovery mechanisms.

[0051] Another example of failure indication may be
based on battery depletion. In one embodiment, the cardiac
rhythm management device monitors the status of the bat-
tery to, among other reasons, alert the clinician when device
replacement is required. Methods of monitoring the battery
status can include, but are not limited to, battery voltage
measurement, the time required to replenish the therapy
power supply after delivery of therapy, or a combination of
the two. In an additional embodiment, the detection of a
previously determined depletion level of the battery is used
to trigger a change in the pacing mode, defibrillation therapy
mode and diagnostic capabilities of the device in an attempt
to lengthen the remaining life of the device. Examples
include, changing the pacing therapy from a mode that paces
and/or senses both an atrium and a ventricle to one that paces
and/or senses only a ventricle. Use of the detection of a
previously determined depletion level of the battery is also
used to trigger a reversion to an alternate and/or fewer
pacing/sensing site(s) within the atria or within the ven-
tricles in such a way as to reduce the current drain.

[0052] Another example of failure indication may be
based on memory corruption. The integrity of the device
memory is monitored. In one example, a method of moni-
toring the memory includes the use of Cycle Redundancy
Checking (CRC) and hamming encryption/decryption. Via
these or other methods a memory fault can be detected. The
use of memory corruption detection is used to change the
therapy of a cardiac rhythm management device. The pacing
mode can also be modified when memory corruption occurs.
In one embodiment, pacing mode modification pertains to
the addition or deletion of a single atrial or ventricular
pacing/sensing site. Alternatively, use of the detection of a
memory fault triggers a reversion to more, fewer, and/or an
alternate pacing/sensing site(s) within the atria or within the
ventricles.

[0053] Astill further example of a failure indication can be
based on multiple site cross-checking. Excitatory heart tis-
sue naturally propagates electrical activation from one
region to another (conduction) as part of its function to
generate coordinated contraction within a heart chamber and
between left and right chambers of the heart. With a mul-
tisite design, multiple leads and/or electrodes are placed
within a single heart chamber and/or in both left and right
chambers. Due to natural electrical propagation in heart
tissue, activation sensed or initiated by pacing at one site
will be followed after a predictable conduction delay by
sensed activation at another site. Thus, verification of pace
capture or sensed activation at one site can be cross-checked
by sensing conducted events at another site. For example, if
paced capture occurs at a primary site, activation will be
sensed at a second site after a conduction delay dependent
largely on the distance separating the two sites. If activation
is not sensed at the second site within an expected conduc-
tion delay window, a failed capture condition is detected at
the pacing site and site reversion could occur for a backup
pace or for pacing on subsequent cardiac cycles. As another
example, if activation is detected by sensing at a primary



US 2005/0256547 A1l

site, a paired activation will be detected at a second sensing
site either just earlier or just later than at the primary site due
to conduction. If activation is not detected at the second
sensing site within the expected conduction delay window
before and/or after detection at the primary site, the detec-
tion at the primary site may be due to a failure condition
(e.g., sensed noise, over-sensing) and sensing site reversion
can occur.

[0054] Another example of cross-checking is based on a
fundamental behavior of implantable pacemakers to inhibit
(prevent) or delay a scheduled pacing stimulation when a
natural heart activation is detected by the sensing function
prior to the scheduled pace. This pacing inhibition has two
purposes: 1) it prevents unnecessary pacing when the natural
heart rate is faster than the indicated pacing rate; 2) it
prevents pacing during a period of time following heart
tissue activation during which a pacing stimulation might
induce a tachycardia (this is referred to as the vulnerable
period). As a first example, when a sensed event is detected
at a primary pacing/sensing site, pacing is immediately
inhibited in the current cardiac cycle and rescheduled for the
next cycle at the indicated rate. As a second example, when
a sensed event is detected at a primary pacing/sensing site,
an inhibitory period with duration longer than the vulnerable
period is initiated during which pacing will be inhibited.
When a pace is scheduled to occur during the inhibitory
period, it will be inhibited and either rescheduled for some
time after the end of the inhibitory period or rescheduled for
the next cardiac cycle at the indicated rate. In these
examples, if there is a sensing failure at the primary sensing
site due to a noise or over-sensing condition, a false sense
may be detected that will inappropriately inhibit pacing for
that cycle or initiate an inhibitory period during which
pacing will be inappropriately inhibited. In this situation, a
second sensing site is used to cross-check the correctness of
the sensing at the primary site. Following a sensed detection
at the primary site, if a paired sense is not detected at the
second site after an expected conduction delay, the sensing
at the first site is determined to be failed, causing reversion-
ary correction of pacing inhibition. Examples of this cor-
rection include, but are not limited to, pacing immediately at
a secondary site or at the primary site, ignoring the inhibi-
tory effect of the sensed event on the pacing schedule and
resuming the previous pacing schedule, or canceling any
triggered inhibitory period.

[0055] As an example, in univentricular LV pacing, a pace
may be inhibited in a cardiac cycle due to a sensed LV
activation. In response to the inhibition, a lead in the RV
could be used to verify the sensed LV activation. Failure to
sense the LV activation by the lead in the RV could be used
as an indication of failure of the lead in the LV. Despite the
inhibition of the pace to the LV, it may be desirable to revert
therapy to the lead in the RV for pacing in that chamber of
the heart.

[0056] Another example of a failure indication can be
based on detecting unintended stimulation of non-cardiac
tissue, such as phrenic nerve stimulation (causing “hiccups™)
or thoracic muscle stimulation (e.g., “pocket twitch”). Such
detection can be based on device lead sensing of voltage
potentials associated with the paced stimulation that are
larger than or have different morphology than the expected
evoked response from cardiac tissue or are potentials that do
not follow expected cardiac conduction delays and patterns.
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A further means of detecting such unintended stimulation
would be to use additional device sensors capable of detect-
ing thoracic muscle movement, such as a pacemaker accel-
erometer sensor or thoracic impedance sensor, either of
which measures patient movement and breathing. When
unintended stimulation is detected due to pacing at one site,
reversion to an alternate pacing site and/or an alternate
pacing vector can occur to try to avoid the non-cardiac
stimulation.

[0057] In general, any abnormality may be used as a
failure indication if it is indicative that sensing, pacing or
defibrillation on an individual lead is other than desired.
While the following will be described in terms of sensing
and pacing, it should be recognized that defibrillation pulses
can be applied in like manner to pacing pulses. Accordingly,
the following does not preclude defibrillation therapy.

[0058] FIG. 4 is a flowchart showing one embodiment of
providing pacing therapy. In FIG. 4, a first pacing therapy
is applied in action box 410. The first pacing therapy may be
applied using one or more leads each having at least one
electrode, and involving one or more chambers of the heart.
Individual leads may be used for sensing only, pacing only,
both sensing and pacing, or neither sensing nor pacing.
Furthermore, individual leads may have two or more elec-
trodes acting independently. Leads or electrodes not used for
sensing or pacing will be referred to as redundant.

[0059] FIG. 5 is a schematic illustrating but one example
of a system having the capability for lead redundancy as
described above. FIG. 5 generally depicts a portion of the
device of FIG. 2, although some leads are omitted for
clarity. FIG. 5 differs from FIG. 2 in that right ventricle lead
110B is replaced by a first right ventricle lead 110B, and a
second right ventricle lead 101B,. One or both of the right
ventricle leads 110B may be actively sensing or pacing
during the first pacing therapy. While there are only two
right ventricle leads 110B depicted in FIG. S5, additional
right ventricle leads may be utilized. Although there may be
a practical limit as to how many leads may be associated
with an individual chamber of the heart, the methods
described herein may be applied to any number of available
leads. Furthermore, use of the right ventricle as an example
for FIG. 5 is not limiting and redundant or multiple leads
may be utilized in any chamber of the heart. In addition,
electrodes 235,/235, may act as redundant electrodes to
electrodes 240,/240,, respectively.

[0060] Referring again to FIG. 4, lead failure is detected
in action box 420 using one or more of the failure indications
as described above. Lead failure may involve one or more
leads. However, to provide effective reversion, at least one
lead or electrode available for pacing therapy should not
indicate failure. Subsequent to detection of a failure, a
second pacing therapy is applied in action box 430. The
second pacing therapy may be applied using one or more of
the leads used for the first pacing therapy.

[0061] As one example, a device as in FIG. 2 may be used
for coordinating CHF therapy using a biventricular DDD
pacing mode as the first pacing therapy. Such a pacing
therapy would use leads 110A, 10B and 110C. Detection of
a failure of the left ventricle lead 110C could be used to
initiate application of the second pacing therapy. One
example of a second pacing therapy could be univentricular
DDD pacing mode using leads 110A and 110B. If a failure
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were simultaneously or subsequently detected on the atrial
lead 110A, an acceptable second pacing therapy may be VVI
pacing mode using only right ventricle lead 110B. In gen-
eral, any pacing therapy can be chosen provided that the
detected failure does not interfere with the pacing therapy.
Note that a detected failure affecting sensing on a lead may
not interfere with pacing on that lead, and vice versa.
Furthermore, a detected failure affecting one electrode on a
lead having multiple electrodes may not interfere with
sensing or pacing on other electrodes on the lead.

[0062] As further example, a device as in FIG. 5 may be
used for VVI pacing mode as the first pacing therapy using
at least one right ventricle lead 110B. Detection of a failure
of one right ventricle lead 110B could be used to initiate
application of the second pacing therapy. One example of a
second pacing therapy could be VVI pacing mode using one
or more right ventricle leads 110B not indicating failure. In
general, any pacing therapy can be chosen provided that the
detected failure does not interfere with the pacing therapy.
Note that a detected failure affecting sensing on a lead may
not interfere with pacing on that lead, and vice versa. Note
further that the second pacing therapy may utilize the same
pacing mode as the first pacing therapy, albeit using a
different set of one or more leads.

[0063] Dashed line 440 in FIG. 4 indicates that it may be
desirable to apply the second pacing therapy only tempo-
rarily. For example, upon detection of a failure in action box
420, the second pacing therapy may be applied in action box
430 only for one cardiac cycle, resuming the first pacing
therapy in action box 410 on the next cardiac cycle. Alter-
natively, the second pacing therapy may be applied until the
failure indication is resolved, e.g., a noise source is removed,
normal sensing resumes, impedance measurements return to
expected values, etc. Upon resolution of the failure indica-
tion, the first pacing therapy is resumed in action box 410.
The second pacing therapy may alternatively be latched such
that physician intervention is required to resume the first
pacing therapy.

[0064] FIG. 6 is a flowchart of another embodiment of
providing pacing therapy through a cardiac rhythm manage-
ment device. The device applies a pacing therapy in action
box 610 as a first pacing therapy. The device determines if
a failure indication has been detected in decision box 620. If
no failure is indicated, the device continues to apply the first
pacing therapy and monitor for detection of failure. If lead
failure is indicated, control is passed to action box 630.

[0065] The device determines which lead is indicating
failure in action box 630. Based on the remaining leads
having an acceptable status for sensing and/or pacing, a
recovery pacing therapy is selected in action box 640 as a
second pacing therapy. Selection of the recovery pacing
therapy is a design choice generally dependent upon the
leads available for sensing and pacing as well as the patient’s
needs. Accordingly, available choices may be partially
directed by a physician, preferably during programming of
the device. Selection may be based on a lookup table,
providing a single pacing mode for each combination of
available leads. Selection may also take into consideration
metabolic demand, e.g., providing a first selection for a first
demand level and a second selection for a second demand
level.

[0066] Upon application of a recovery pacing therapy in
action box 650, the device can monitor for failure resolution,
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i.e., removal or disappearance of the failure condition, in
decision box 660. If the failure indication remains, the
device can continue to apply the recovery pacing therapy
and to monitor for failure resolution. If the failure is
resolved, the device can pass control back to action box 610
for resumption of the first pacing therapy.

[0067] While the foregoing description was in the context
of a first pacing therapy and second pacing therapy, devices
having multiple leads may be amenable to multiple tiers of
failure recovery. As an example, a second pacing therapy
may be applied in response to a first lead failure as described
above. However, the device may be capable of sustaining
more than one lead failure depending upon the failure type,
i.e., sensing, pacing or both, and the number of available
leads. Upon detection of a subsequent lead failure prior to
resolution of the first lead failure, the device may revert to
a third pacing therapy from the second pacing therapy in the
same manner as described for the reversion to the second
pacing therapy from the first pacing therapy.

[0068] Furthermore, certain reversionary behavior may be
contraindicated. For example, certain reversion may not be
desirable if triggered pacing is enabled, e.g., reversion from
a left trigger situation to a right trigger situation may result
in undesirable timing. However, reversion to some therapy,
particularly life sustaining therapy, is likely more desirable
than continuing the first pacing therapy despite the failure
indication or simply discontinuing pacing therapy alto-
gether.

[0069] In an additional embodiment, a second sensing
protocol is used either alone or in combination with the
second pacing therapy after detecting a lead failure. FIG. 7
is a flowchart showing one embodiment of site reversion for
cardiac sensing, where the site reversion for cardiac sensing
occurs either in combination with the site reversion for
pacing or where the lead failure only causes a site reversion
for cardiac sensing.

[0070] In FIG. 7, a first sensing protocol is applied in
action box 710. The first sensing protocol may be accom-
plished using one or more leads having one or more elec-
trodes and involving one or more chambers of the heart.
Individual leads may be used for sensing only, pacing only,
both sensing and pacing, or neither sensing nor pacing.
Furthermore, individual leads may have two or more elec-
trodes acting independently. Leads or electrodes not used for
sensing or pacing are refelTed to as redundant.

[0071] At 720, a sensing, lead and/or electrode failure is
detected using one or more of the failure indications as
described above. Lead failure may involve one or more
leads. However, to provide effective reversion, at least one
lead or electrode available for sensing and/or pacing therapy
should not indicate failure. Subsequent to detection of a
failure, a second sensing protocol is invoked in action box
730. The second sensing protocol may be applied using one
or more of the leads and/or electrodes used for the first
sensing protocol. Dashed line 740 in FIG. 7 indicates that it
may be desirable to use the second sensing protocol only
temporarily. For example, upon detection of a failure in
action box 720, the second sensing protocol may be used in
action box 730 only for one cardiac cycle, resuming the first
sensing protocol in action box 710 on the next cardiac cycle.
Alternatively, the second sensing protocol may be used until
the failure indication is resolved, e.g., a noise source is
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removed, normal sensing resumes, impedance measure-
ments return to expected values, etc. Upon resolution of the
failure indication, the first sensing protocol is resumed in
action box 710. The second sensing protocol may alterna-
tively be latched such that physician intervention is required
to resume the first sensing protocol.

[0072] FIG. 8 is a flowchart an embodiment of sensing
cardiac signals through a cardiac rhythm management
device. The device senses one or more cardiac signals in
action box 810 in a first sensing protocol. The device
determines if a failure indication has been detected in
decision box 820. If no failure is indicated, the device
continues to sense cardiac signals using the first sensing
protocol and monitor for detection of failure. If lead failure
is indicated, control is passed to action box 830.

[0073] The device determines which lead is indicating
failure in action box 830. Based on the remaining leads
having an acceptable status for sensing and/or pacing, a
recovery sensing protocol is selected in action box 840 as a
second sensing protocol. Selection of the recovery sensing
protocol is a design choice generally dependent upon the
leads available for sensing and pacing as well as the patient’s
needs. Accordingly, available choices may be partially
directed by a physician, preferably during programming of
the device. Selection may be based on a lookup table,
providing a single pacing mode and/or sensing mode for
each combination of available leads. Selection may also take
into consideration metabolic demand, e.g., providing a first
selection for a first demand level and a second selection for
a second demand level.

[0074] Upon application of a recovery sensing protocol in
action box 850, the device can monitor for failure resolution,
i.e., removal or disappearance of the failure condition, in
decision box 860. If the failure indication remains, the
device can continue to apply the recovery sensing protocol
and to monitor for failure resolution. If the failure is
resolved, the device can pass control back to action box 810
for resumption of the first sensing protocol.

[0075] While the foregoing description was in the context
of a first sensing protocol and second sensing protocol,
devices having multiple leads may be amenable to multiple
tiers of failure recovery. As an example, a second sensing
protocol may be applied in response to a first lead failure as
described above. However, the device may be capable of
sustaining more than one lead failure depending upon the
failure type, i.e., sensing, pacing or both, and the number of
available leads. Upon detection of a subsequent lead failure
prior to resolution of the first lead failure, the device may
revert to a third sensing protocol from the second sensing
protocol in the same manner as described for the reversion
to the second sensing protocol from the first sensing proto-
col.

[0076] The methods described herein may generally be
carried out by a controller or processor as a sequence of
instructions. The instructions may be stored on a machine
readable medium 910, such as ROM or flash memory,
coupled to the controller 325 as shown in FIG. 9. Machine
readable medium 910 may be programmed by the program-
mer 125 and telemetry unit 130, as shown in FIG. 1, through
controller 325. Alternatively, machine readable medium 910
may be preprogrammed such that physician intervention is
prevented.
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CONCLUSION

[0077] Although specific embodiments have been illus-
trated and described herein, it will be appreciated by those
of ordinary skill in the art that any arrangement which is
calculated to achieve the same purpose may be substituted
for the specific embodiments shown. Many adaptations of
the invention will be apparent to those of ordinary skill in the
art. For example, use of markers or other display mecha-
nisms to indicate reversion or the number of reversions may
be used to assist the physician during interrogation of the
cardiac rhythm management device. Different lead types,
numbers of leads, and utilized heart chambers can be varied
from the examples depicted herein. As examples, rather than
a biventricular three-chamber therapy as described with
reference to FIG. 2, a biatrial three-chamber therapy or
biatrial/biventricular four-chamber therapy could be accom-
modated by the embodiments described herein. Accordingly,
this application is intended to cover any adaptations or
variations of the invention. It is manifestly intended that this
invention be limited only by the following claims and
equivalents thereof.

What is claimed is:
1. A method comprising:

delivering one or more signals through at least a first
electrode in a first pacing protocol for one or more first
ventricular chambers of a heart;

monitoring detection of a first failure condition with the
first electrode; and

invoking a second pacing protocol for one or more second
ventricular chambers subsequent to detecting the first
failure condition, including delivering one or more
signals for the second pacing protocol.

2. The method as recited in claim 1, wherein the second
protocol is used temporarily.

3. The method as recited in claim 1, further comprising
monitoring persistence of the first failure condition.

4. The method as recited in claim 3, further comprising
resuming the first sensing protocol after the first failure
condition is no longer detected.

5. The method as recited in claim 4, further comprising
latching the second pacing protocol and requiring interven-
tion before the first pacing protocol is resumed.

6. The method as recited in claim 1, further comprising
reverting to a third pacing protocol upon detection of a
subsequent failure condition.

7. The method as recited in claim 6, wherein reverting to
the third pacing protocol occurs prior to resolution of the
first failure condition.

8. The method as recited in claim 1, wherein invoking the
second pacing protocol occurs independent of pacing.

9. The method as recited in claim 1, wherein monitoring
for detection of the first failure condition includes monitor-
ing for detection of one or more of an over sense condition,
sensed noise, lead impedance outside a predetermined range,
capture amplitude voltage outside a predetermined range,
intrinsic amplitude outside a predetermined range, detection
of unintended non-cardiac stimulation, or failure to detect an
expected event.

10. The method as recited in claim 1, wherein monitoring
for detection of the first failure condition includes monitor-
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ing for detection of one or more of electrical hardware
failure, software failure, memory failure, or battery deple-
tion.

11. The method as recited in claim 1, further comprising
discontinuing the first pacing protocol prior to invoking the
second pacing protocol.

12. A cardiac rhythm management system, comprising:

a signal generator electrically coupled with a first elec-
trode, the signal generator electrically coupled with a
second electrode; and

a processor coupled with the signal generator, wherein the
processor is adapted to cause the signal generator to
deliver at least one first signal to a least one first
ventricular chamber through at least one electrode in a
first protocol, and to deliver at least one second signal
to a least one second ventricular chamber through at
least one electrode in a second protocol in response to
a first failure condition detected with the first electrode.

13. The cardiac rhythm management system as recited in
claim 12, wherein the first failure condition is associated
with one or more electrodes.

14. The cardiac rhythm management system as recited in
claim 12, wherein the at least one first signal includes a set
of first pacing pulses.

15. The cardiac rhythm management system as recited in
claim 12, wherein the first failure condition relates to at least
one or more of an over sense condition, sensed noise, lead
impedance outside a predetermined range, capture ampli-
tude voltage outside a predetermined range, intrinsic ampli-
tude outside a predetermined range, detection of unintended
non-cardiac stimulation, or failure to detect an expected
event.

16. The cardiac rhythm management system as recited in
claim 12, wherein the first failure condition relates to one or
more of electrical hardware failure, software failure,
memory failure, or battery depletion.

17. The cardiac rhythm management system as recited in
claim 12, wherein changing between the first protocol and
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the second protocol includes changing between a bipolar
mode to a unipolar mode.
18. A cardiac rhythm management system, comprising:

a signal generator electrically coupled with a first elec-
trode, the signal generator electrically coupled with a
second electrode, the first electrode disposed along a
first lead, the second electrode disposed along a second
lead; and

a processor coupled with the signal generator, wherein the
processor causes the signal generator to deliver at least
one first signal to a first ventricular chamber through at
least the first electrode, and to deliver at least one
second signal to a second chamber through the second
electrode in response to a first failure condition asso-
ciated with at least one of the first electrode or the first
lead.

19. The cardiac rhythm management system as recited in
claim 18, wherein the first failure condition is based on at
least one or more of an over sense condition, sensed noise,
lead impedance outside a predetermined range, capture
amplitude voltage outside a predetermined range, intrinsic
amplitude outside a predetermined range, detection of unin-
tended non-cardiac stimulation, or failure to detect an
expected event.

20. The cardiac rhythm management system as recited in
claim 18, wherein the first failure condition is based on one
or more of electrical hardware failure, software failure, or
memory failure.

21. The cardiac rhythm management system as recited in
claim 18, wherein the processor causes the signal generator
to deliver the at least one first signal through the first
electrode and the second electrode.

22. The cardiac rhythm management system as recited in
claim 18, wherein delivering changes from a bipolar to a
unipolar arrangement.



