US 20170042482A1

12) Patent Application Publication (o) Pub. No.: US 2017/0042482 A1

a9y United States

GUNDERSON et al. 43) Pub. Date: Feb. 16, 2017
(54) DETECTION OF MEDICAL ELECTRICAL (32) US. CL
LEAD ISSUES CPC .. A61B 5/7203 (2013.01); A61B 5/0422

(71) Applicant: Medtronic, Inc., Minneapolis, MN
US)

(72) Inventors: Bruce D. GUNDERSON, Plymouth,
MN (US); James D. REINKE, Maple
Grove, MN (US)

(21) Appl. No.: 14/826,396

(22) Filed: Aug. 14, 2015
Publication Classification
(51) Imt.ClL
AG6IB 5/00 (2006.01)
AG6IN 1737 (2006.01)
AG6IN 1739 (2006.01)
AG6IB 5/042 (2006.01)

(2013.01); A61B 5/686 (2013.01); AGIN
1/3706 (2013.01); A61IN 1/3925 (2013.01)

7) ABSTRACT

An implantable medical device includes a sensing module
configured to receive a cardiac electrical signal via elec-
trodes carried by a medical electrical lead coupled to the
implantable medical device and a control module configured
to detect a lead issue. The sensing module is configured to
produce cardiac sensed event signals and spike detect sig-
nals. The control module is configured to determine event
intervals defined by consecutive ones of the received cardiac
sensed event signals and the received spike detect signals
and identify one or more received spike detect signals as
lead issue spikes based on at least one of the determined
event intervals.
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DETECTION OF MEDICAL ELECTRICAL
LEAD ISSUES

TECHNICAL FIELD

[0001] The disclosure relates to implantable medical
devices and associated methods for detecting medical elec-
trical lead issues.

BACKGROUND

[0002] A variety of implantable medical devices (IMDs)
for delivering a therapy, monitoring a physiological condi-
tion of a patient or a combination thereof have been clini-
cally implanted or proposed for clinical implantation in
patients. Some IMDs may employ one or more elongated
electrical leads carrying stimulation electrodes, sense elec-
trodes, and/or other sensors.

[0003] IMDs may deliver therapy to and/or monitor con-
ditions of a variety of organs, nerves, muscle or tissue, such
as the heart, brain, stomach, spinal cord, pelvic floor, or the
like. Some IMDs, such as cardiac pacemakers or implant-
able cardioverter defibrillators (ICDs) monitor a patient’s
heart activity by sensing cardiac electrical signals to detect
an abnormal rhythm. Pacemakers and ICDs may provide
therapeutic electrical stimulation to the heart of the patient
via electrodes carried by a medical electrical lead coupled to
the pacemaker or ICD. The electrical stimulation may
include pacing pulses to address abnormal cardiac rhythms
such as bradycardia and ventricular tachycardia or cardio-
version/defibrillation shocks for treating malignant forms of
ventricular tachycardia and ventricular fibrillation. The reli-
ability of an IMD in delivering electrical stimulation pulses
and sensing electrical physiological signals for monitoring a
patient depends at least in part on the integrity of the
insulation and the electrical conductors of the medical
electrical lead that carries electrodes used for delivering the
therapeutic stimulation pulses and for sensing physiological
signals.

SUMMARY

[0004] In general, the disclosure is directed to techniques
for detecting medical electrical lead issues. An IMD as
disclosed herein includes a spike detector for detecting
non-physiological signal spikes. The IMD operates to iden-
tify non-physiological signal spikes that are likely to be
caused by a lead issue and unlikely to arise from other
non-physiological signal sources such as electromagnetic
interference or therapeutic electrical stimulation pulses
delivered by another medical device.

[0005] In one example. the disclosure provides an
implantable cardiac device having a sensing module elec-
trically coupled to one or more electrodes carried by a
medical electrical lead coupled to the implantable medical
device and a control module electrically coupled to the
sensing module. The sensing module includes a cardiac
event detector configured to receive a cardiac electrical
signal sensed via at least one of the electrodes carried by the
medical electrical lead coupled to the implantable medical
device, detect cardiac event signals in the received cardiac
electrical signal, and produce a cardiac sensed event signal
for each of the detected cardiac event signals. The sensing
module also includes a spike detector configured to receive
the cardiac electrical signal, detect non-physiological spikes
in the cardiac electrical signal, and produce a spike detect
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signal for each of the detected non-physiological spikes. The
control module is configured to receive the cardiac sensed
event signals and the spike detect signals from the sensing
module and determine event intervals defined by consecu-
tive ones of the received cardiac sensed event signals and the
received spike detect signals. The control module is further
configured to identify a received spike detect signal as a lead
issue spike based on at least one of the determined event
intervals, detect a lead issue of the medical electrical lead
when a threshold number of spike detect signals are iden-
tified, and generate an alert in response to the lead issue
being detected.

[0006] In another example, the disclosure provides a
method of identifying a lead issue of a medical electrical
lead. The method comprises receiving a cardiac electrical
signal by a sensing module of an implantable medical device
via electrodes carried by themedical electrical lead coupled
to the implantable medical device, detecting cardiac event
signals by a cardiac event detector of the sensing module,
producing a cardiac sensed event signal for each of the
detected cardiac event signals, detecting non-physiological
spikes in the cardiac electrical signal by a spike detector of
the sensing module, producing a spike detect signal for each
of the detected non-physiological spikes, receiving the car-
diac sensed event signals and the spike detect signals by a
control module of the implantable medical device, deter-
mining event intervals defined by consecutive ones of the
received cardiac sensed event signals and the received spike
detect signals, identifying a received spike detect signal as
a lead issue spike based on at least one of the determined
event intervals, detecting a lead issue of the medical elec-
trical lead when a threshold number of spike detect signals
are identified, and generating an alert in response to detect-
ing the lead issue.

[0007] In another example, the disclosure provides a non-
transitory, computer readable storage medium comprising
instructions which when executed by a control module of an
implantable medical device cause the implantable medical
device to determine event intervals defined by cardiac
sensed event signals and spike detect signals produced by a
cardiac event detector and a spike detector, respectively, of
a sensing module of the implantable medical device, the
sensing module configured to receive a cardiac electrical
signal via electrodes carried by a medical electrical lead
coupled to the implantable medical device. The instructions
further cause the implantable medical device to identify a
spike detect signal of the produced spike detect signals as a
lead issue spike based on at least one of the determined event
intervals, detect a lead issue of the medical electrical lead
when a threshold number of spike detect signals are iden-
tified as lead issue spikes, and generate an alert in response
to detecting the lead issue.

[0008] This summary is intended to provide an overview
of the subject matter described in this disclosure. It is not
intended to provide an exclusive or exhaustive explanation
of the apparatus and methods described in detail within the
accompanying drawings and description below. Further
details of one or more examples are set forth in the accom-
panying drawings and the description below.

BRIEF DESCRIPTION OF DRAWINGS

[0009] FIG. 1 is a conceptual diagram illustrating an IMD
system used to sense cardiac electrical signals and provide
therapy to a patient’s heart.
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[0010] FIG. 2 is a schematic diagram of the ICD included
in the system of FIG. 1 according to one example.

[0011] FIG. 3 is a block diagram of an example sensing
channel included in a sensing module of FIG. 2.

[0012] FIG. 4 is a schematic representation of an IMD
system according to another example.

[0013] FIG. 5 is a flow chart of one method for detecting
a lead issue based on spike detect signals according to one
example.

[0014] FIG. 6 is a flow chart of a method for identifying
a lead issue according to another example.

[0015] FIG. 7 is a conceptual diagram of event signals and
associated time intervals determined by and used for time
interval-based discrimination of lead issue spikes.

[0016] FIGS. 8A and 8B show an example recording of a
cardiac electrical signal and a spike detection marker chan-
nel including spikes detected during an episode of electro-
magnetic interference.

[0017] FIGS. 9A and 9B show an example cardiac elec-
trical signal and cardiac event signals and detected spikes
caused by a lead issue.

[0018] FIG. 10 is a flow chart of a method for detecting a
lead issue according to another example.

[0019] FIG. 11 is a conceptual diagram of a biphasic
pacing pulse that may be delivered by a pacemaker and a
lead issue noise spike that may appear on a raw cardiac
electrical signal received by a sensing channel.

[0020] FIG. 12 is a flow chart of a method for selecting a
lead issue detection algorithm based on the presence or
absence of another functional therapy delivery device in (or
on) the patient.

[0021] FIG. 13 is a flow chart of a method for identifying
spike detect signals that are likely to be lead issue spikes
according to another example.

DETAILED DESCRIPTION

[0022] In general, an implantable medical device (IMD) is
disclosed that is configured to sense cardiac electrical sig-
nals and deliver cardiac electrical stimulation therapies
using electrodes coupled to the IMD via a medical electrical
lead. The IMD is configured to detect lead issues, e.g., due
to an insulation breach or an electrical conductor fracture of
the lead, by detecting cardiac events and non-physiological
electrical signal spikes on the cardiac electrical signal and
determining and analyzing event intervals including at least
one event interval beginning or ending with a detected signal
spike.

[0023] FIG.1 is a conceptual diagram illustrating an IMD
system 10 used to sense cardiac electrical signals in patient
12 and provide therapy to heart 26. IMD system 10 includes
an ICD 14 coupled to an extravascular medical electrical
lead 16 for sensing cardiac electrical signals and/or deliv-
ering electrical stimulation therapies to heart 26 via elec-
trodes carried by lead 16. ICD 14 is implanted subcutane-
ously on the left side of patient 12. Lead 16, which is
connected to ICD 14, extends medially from ICD 14 toward
sternum 22 and xiphoid process 20 of patient 12. At a
location near xiphoid process 20, lead 16 bends or turns and
extends subcutaneously superior, substantially parallel to
sternum 22. Lead 16 may be implanted such that lead 16 is
offset laterally to the left side of the body of sternum 22 (i.e.,
towards the left side of patient 12), offset to the right of
sternum 22 or over sternum 22.
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[0024] Lead 16 includes a defibrillation electrode 24,
which may be an elongated coil electrode, and a pair of
sensing electrodes 28 and 30. Lead 16 is placed along
sternum 22 such that a therapy vector between defibrillation
electrode 24 and the housing 15 of ICD 14 is substantially
across one or both ventricles of heart 26. In other examples,
another electrode along lead 16 or along a second lead
coupled to ICD 14 may be used in combination with
defibrillation electrode 24 for delivering a shock therapy.

[0025] In the example illustrated in FIG. 1, lead 16 is
implanted subcutaneously, e.g., between the skin and the
ribs or sternum. Lead 16 is advanced suprasternally remain-
ing external to the thoracic cavity. In other embodiments,
lead 16 may be advanced substernally or within ribcage 32,
i.e., intra-thoracically. For example, lead 16 may be
implanted at least partially in a substernal location. In such
a configuration, a portion of lead 16 may extend subcuta-
neously from ICD 14 toward sternum 22 and at least a
portion of lead 16 is advanced under or below the sternum
in the mediastinum and, more particularly, in the anterior
mediastinum. The anterior mediastinum is bounded laterally
by pleurae, posteriorly by pericardium, and anteriorly by
sternum 22. Lead 16 may be at least partially implanted in
other intrathoracic locations, e.g., locations in and around
heart 26, with or without making direct contact with the
outer surface of heart 26, e.g., in epicardial or pericardial
locations. In still other examples, lead 16 may be embodied
as a transvenous, intracardiac lead that is advanced trans-
venously to position one or more electrodes within a
patient’s heart or its vasculature. An example of an ICD
coupled to transvenous medical electrical leads is described
below in conjunction with FIG. 4.

[0026] Although ICD 14 is illustrated in FIG. 1 as being
implanted near a midaxillary line of patient 12, ICD 14 may
also be implanted at other subcutaneous locations of patient
12, such as further posterior on the torso toward the posterior
axillary line, further anterior on the torso toward the anterior
axillary line, in a pectoral region, or at other locations of
patient 12. In instances in which ICD 14 is implanted
pectorally, lead 16 may follow a different path, e.g., across
the upper chest area and inferior along sternum 22. When the
ICD 14 is implanted in the pectoral region, lead 16 or a
second lead including a defibrillation electrode may extend
along the left side of the patient such that a defibrillation
electrode is located along the left side of the patient to
fanction as an anode or cathode of a therapy vector for
defibrillating heart 26.

[0027] The techniques disclosed herein are not limited to
a particular implant location of ICD 14 or medical electrical
lead 16 coupled to ICD 14. Rather, the disclosed techniques
for detecting a lead issue may be implemented in any IMD
that is coupled to a medical electrical lead, configured to
sense electrical signals, and is implanted at any desired
anatomical location appropriate for a given medical appli-
cation.

[0028] ICD 14 includes a housing 15 that forms a hermetic
seal that protects electronic circuitry and other components
within ICD 14. The housing 15 of ICD 14 may be formed of
a conductive material, such as titanium or other biocompat-
ible conductive material or a combination of conductive and
non-conductive materials. In some instances, the housing 15
functions as an electrode (sometimes referred to as a housing
electrode or “can” electrode) that is used in combination
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with one of electrodes 24, 28 and 30 to deliver a therapy to
heart 26 or to sense electrical activity of heart 26.

[0029] ICD 14 includes a connector assembly 13 (some-
times referred to as a connector block or header) for receiv-
ing a proximal connector (not illustrated) of lead 16. Con-
nector assembly 13 includes electrical feedthroughs through
which electrical connections are made between electrical
conductors within lead 16 and electronic components
included within the housing.

[0030] Lead 16 includes an elongated lead body 18 having
a proximal end that includes a connector configured to mate
with connector assembly 13 of ICD 14 and a distal portion
that includes electrodes 24, 28 and 30. The lead body 18 of
lead 16 may be formed from a non-conductive, i.e., electri-
cally insulating material, including silicone, polyurethane,
fluoropolymers, mixtures thereof, or other appropriate mate-
rials, and is shaped to form one or more lumens within which
the one or more electrical conductors (not illustrated) each
extend to respective ones of electrodes 24, 28 and 30.
[0031] When the connector at the proximal end of lead 16
is connected to connector assembly 13, the respective elec-
trical conductors electrically couple to circuitry of ICD 14,
such as a therapy module and a sensing module via con-
nections in connector assembly 13, including associated
feedthroughs. The electrical conductors transmit electrical
stimulation pulses from a therapy module within ICD 14 to
one or more of electrodes 24, 28 and 30 and transmit sensed
electrical signals from one or more of electrodes 24, 28 and
30 to the sensing module within ICD 14. Although lead 16
is illustrated as including three electrodes 24, 28 and 30, lead
16 may include more or fewer electrodes. For example, two
or more sensing electrodes may be included for sensing a
cardiac electrical signal, e.g. a subcutaneous electrocardio-
gram (ECG) signal.

[0032] ICD 14 may sense electrical activity of heart 26
from an ECG signal acquired via one or more sensing
vectors that include combinations of electrodes 28 and 30
and housing 15. For example, ICD 14 may obtain ECG
signals using a sensing vector between electrodes 28 and 30,
between electrode 28 and housing 15, between electrode 30
and housing 15, or any combination thereof. In some
instances, ICD 14 may even sense cardiac electrical signals
using a sensing vector that includes defibrillation electrode
24, such as a sensing vector between defibrillation electrode
24 and one of electrodes 28 and 30, or a sensing vector
between defibrillation electrode 24 and the housing 15.
[0033] A lead performance issue may arise if the electrical
insulation of a conductor extending to one of electrodes 24,
28 or 30 is breached or if one of the conductors extending
through lead body 18 is fractured. An ECG received by ICD
14 may include electrical signal spikes caused by the lead
issue, which are non-physiological in origin, as well as
cardiac electrical signals that are physiological, i.e., electro-
physiological signals attendant to the depolarization and
repolarization of the myocardial tissue, such as R-waves,
T-wave and P-waves. ICD 14 is configured to detect elec-
trical signal spikes and determine if a detected electrical
signal spike is likely due to a lead issue. Other non-
physiological signal spikes may be present in the ECG
signal due to other non-physiological signal sources, such as
electromagnetic interference (EMI) or electrical stimulation
pulses delivered by another medical device, such as pace-
maker 100. ICD 14 is configured to detect non-physiological
signal spikes, identify detected spikes that are likely due to
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a lead issue as opposed to arising from other signal sources,
and detect a lead issue when a predetermined number or
frequency of lead issue spikes are identified.

[0034] ICD 14 analyzes acquired ECG signals to detect
ventricular tachyarrhythmias (VT), and in response to
detecting VT may generate and deliver an electrical therapy
to heart 26. For example, ICD 14 may deliver one or more
defibrillation shocks via a therapy vector that includes
defibrillation electrode 24 and the housing 15. In some
instances, ICD 14 may be configured to deliver one or more
pacing therapies, such as post shock pacing and/or ATP,
which may depend in part on the lead and electrode system
coupled to ICD 14. Oversensing of noise spikes due to a lead
issue could lead to a false detection of VT and/or impact
therapy delivery. Accordingly, ICD 14 is configured to
detect non-physiological spikes, determine if the spikes are
likely due to a lead issue and generate an alert when a
threshold number or frequency of lead issue spikes are
detected. ICD 14 is capable of generating an alert that may
be transmitted as a wireless telemetry communication signal
to external device 40 to alert patient 12 or a clinician of the
detected lead issue. In other examples, the alert may be an
audible sound or mild electrical stimulation generated by
ICD 14 and perceived by the patient.

[0035] In some instances, ICD 14 may be implanted in a
patient having one or more other implanted medical devices
configured to deliver electrical stimulation pulses to patient
12, such as a pacemaker or neurostimulator. In FIG. 1, an
intracardiac pacemaker 100 is shown schematically as being
implanted in a chamber of the patient’s heart 26. Intracardiac
pacemaker 100 may sense cardiac electrical signals and
deliver therapeutic pacing pulses, such as bradycardia pac-
ing or anti-tachycardia pacing (ATP), or other electrical
stimulation pulses to heart 26.

[0036] An ECG signal sensed by ICD 14 via electrodes
carried by lead 16 may include pacing spikes caused by
pacing pulses delivered by pacemaker 100. In order to
discriminate pacing spikes appearing on the ECG signal
received by ICD 14 from true R-waves or other cardiac
event signals that are physiological in origin and not origi-
nating from another device, ICD 14 includes a spike detector
as described below in conjunction with FIG. 3. The spike
detector detects high amplitude, high slew rate spikes to
differentiate non-physiological pacing spikes caused by pac-
ing pulses delivered by pacemaker 100 from physiological
cardiac electrical signals in the ECG signal received by ICD
14. By detecting non-physiological signal spikes, false VT
detection due to oversensing of pacing spikes is avoided. In
addition to detecting signal spikes that are likely caused by
pacing pulses delivered by pacemaker 100, ICD 14 is
configured to determine if spikes detected by the spike
detector are likely to be due to a lead issue of lead 16 rather
than being pacing pulses delivered by pacemaker 100 (or
another medical device delivering electrical stimulation
pulses to patient 12).

[0037] In the example shown, pacemaker 100 is a tran-
scatheter, intracardiac pacemaker adapted for implantation
wholly within heart 26, e.g., wholly within the RV for
delivering ventricular pacing therapies. ICD 14, however,
may be implanted with a variety of other types of electrical
stimulation devices, including, but not limited to, a pace-
maker coupled to a transvenous lead, a pacemaker coupled
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to epicardial electrodes, a vagal nerve stimulator, a phrenic
nerve stimulator, a spinal cord or other central or peripheral
nerve stimulator, etc.

[0038] ICD 14 is capable of bidirectional wireless com-
munication with an external device 40. External device 40 is
often referred to as a “programmer” because it is typically
used by a physician, technician, nurse, clinician or other
qualified user for programming operating parameters in ICD
14. Operating parameters, such as sensing and therapy
delivery control parameters, may be programmed into ICD
14 using external device 40. External device 40 may be
located in a clinic, hospital or other medical facility. External
device 40 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. Aspects of exter-
nal device 40 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.

[0039] External device 40 may be used to program oper-
ating parameters, such as sensing control parameters, tach-
yarrhythmia detection control parameters, and therapy deliv-
ery control parameters used by ICD 14. External device 40
may display programming data and information relating to
ICD 14 functions to a user for reviewing ICD operation and
programmed parameters as well as ECG signals or other
physiological data that are retrieved from ICD 14 during an
interrogation session.

[0040] External device 40 is configured for bidirectional
communication with an implantable telemetry module
included in ICD 14, External device 40 establishes a wire-
less radio frequency (RF) communication link 42 with ICD
14 for sending and receiving data via communication link
42. Communication link 42 may be established between
ICD 14 and external device 40 via a radio frequency (RF)
link in the Medical Implant Communication Service (MICS)
band, Medical Data Service (MEDS) band, BLUETOOTH®
wireless communication standard, Wi-Fi or other RF band-
width.

[0041] External device 40 may be capable of bi-directional
communication with ICD 14 over a wide range of distances,
e.g., up to approximately 10 meters. In other examples,
telemetry communication with ICD 14 may require the use
of a programming head placed in proximity of ICD 14 to
facilitate data transfer. It is contemplated that external device
40 may be in wired or wireless connection to a communi-
cations network for transferring data to a remote database or
computer to allow remote management of ICD 14.

[0042] FIG. 2 is a schematic diagram of ICD 14 according
to one example. The electronic circuitry enclosed within
housing 15 includes software, firmware and hardware that
cooperatively monitor one or more ECG signals, determine
when a CV/DF shock is necessary, and deliver prescribed
CV/DF therapies. ICD 14 is coupled to a lead, such as lead
16 shown in FIG. 1, carrying electrodes, such as electrodes
24, 28 and 30, positioned in operative relation to the
patient’s heart for sensing cardiac electrical signals and
delivering therapeutic electrical stimulation, e.g., CV/DF
shocks and post-shock pacing during recovery.

[0043] ICD 14 includes control module 80, memory 82,
therapy delivery module 84, electrical sensing module 86,
and telemetry module 88. A power source 98 provides power
to the circuitry of ICD 14, including each of the modules 80,
82, 84, 86, 88, and 90 as needed. Power source 98 may
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include one or more energy storage devices, such as one or
more rechargeable or non-rechargeable batteries.

[0044] The functional blocks shown in FIG. 2 represent
functionality that may be included in ICD 14 and may
include any discrete and/or integrated electronic circuit
components that implement analog and/or digital circuits
capable of producing the functions attributed to ICD 14
herein. For example, the modules may include analog cir-
cuits, e.g., amplification circuits, filtering circuits, and/or
other signal conditioning circuits. The modules may also
include digital circuits, e.g., analog-to-digital converters,
combinational or sequential logic circuits, integrated cir-
cuits, processors, application specific integrated circuits
(ASICs), memory devices, etc.

[0045] Memory 82 may include any volatile, non-volatile,
magnetic, or electrical non-transitory computer readable
storage media, such as a random access memory (RAM),
read-only memory (ROM), non-volatile RAM (NVRAM),
electrically-erasable programmable ROM (EEPROM), flash
memory, or any other memory device. Furthermore,
memory 82 may include non-transitory computer readable
media storing instructions that, when executed by one or
more processing circuits, cause control module 80 or other
ICD modules to perform various functions attributed to ICD
14. The non-transitory computer readable media storing the
instructions may include any of the media listed above, with
the sole exception being a transitory propagating signal.

[0046] The functional operation of ICD 14 as disclosed
herein should not be construed as reflective of a specific
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
primarily by the particular system architecture employed in
ICD 14. Providing software, hardware, and/or firmware to
accomplish the described functionality in the context of any
modern IMD, given the disclosure herein, is within the
abilities of one of skill in the art.

[0047] Control module 80 communicates with therapy
delivery module 84 and electrical sensing module 86 for
sensing cardiac electrical activity, detecting cardiac
rhythms, and generating electrical stimulation therapies in
response to sensed signals. Therapy delivery module 84 is
electrically coupled to defibrillation electrode 24 and hous-
ing 15 for delivering electrical stimulation therapies such as
CV/DF shocks. In some examples, therapy delivery module
84 may additionally be coupled to electrodes 28 and 30 for
use in delivering therapy and/or delivering mild electrical
stimulation for generating a patient alert.

[0048] Electrical sensing module 86 is electrically coupled
to electrodes 24, 28, and 30 carried by lead 16 (shown in
FIG. 1) and housing 15, which may serve as a common or
ground electrode. Electrical sensing module 86 is selectively
coupled to sensing electrodes 28, 30 and housing 15 in order
to monitor electrical activity of the patient’s heart. Electrical
sensing module 86 may additionally be selectively coupled
to defibrillation electrode 24. Sensing module 8§6 may be
enabled to monitor one or more sensing vectors selected
from the available electrodes 24, 28, 30 and 15. For
example, sensing module 86 may include switching circuitry
for selecting which of electrodes 24, 28, 30 and housing 15
are coupled to sense amplifiers or other cardiac event
detectors included in sensing module 86. Switching circuitry
may include a switch array, switch matrix, multiplexer, or
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any other type of switching device suitable to selectively
couple sense amplifiers to selected electrodes.

[0049] In some examples, electrical sensing module 86
includes multiple sensing channels for sensing multiple
ECG sensing vectors selected from electrodes 24, 28, 30 and
housing 15. For example, sensing module 86 may include
two sensing channels. Each sensing channel may include a
sense amplifier or other cardiac event detection circuitry for
sensing cardiac events, e.g., R-waves, from the received
ECG signal developed across the selected electrodes 24, 28,
30 or 15. The cardiac event detector may operate using an
auto-adjusting sensing threshold set based on a peak ampli-
tude of a currently sensed event that may decay over time.
Each time the received ECG signal crosses the auto-adjust-
ing sensing threshold outside an absolute blanking period, a
cardiac sensed event signal, such as an R-wave sensed event
signal, is produced and passed to control module 80 for use
in detecting V'T.

[0050] Control module 80 is configured to detect VT
episodes that may be life-threatening if left untreated, gen-
erally referred to herein as a “shockable rhythm,” such as
non-sinus ventricular tachycardia or ventricular fibrillation.
The timing of R-wave sensed event signals received from
sensing module 86 may be used by control module 80 to
determine RR intervals between cardiac sensed event sig-
nals. Control module 80 may count RR intervals that fall
into different rate detection zones for determining a ven-
tricular rate or performing other rate- or interval-based
assessments for detecting VT and discriminating VT from
rhythms that do not require a CV/DF shock.

[0051] Sensing module 86 may include an analog-to-
digital converter for providing a digital ECG signal from one
or all available sensing channels to control module 80 for
further signal analysis for use in VT detection. A sensed
ECG signal may be converted to a multi-bit digital signal by
sensing module 86 and provided to control module 80 for
performing ECG morphology analysis. Analysis of the ECG
signal morphology may be performed for detecting, con-
firming or discriminating VT.

[0052] Examples of algorithms that may be performed by
1CD 14 for detecting, discriminating and treating shockable
rhythms are generally disclosed in U.S. Pat. No. 5,354,316
(Keimel); U.S. Pat. No. 5,545,186 (Olson, et al.); U.S. Pat.
No. 6,393,316 (Gillberg et al.); U.S. Pat. No. 7,031,771
(Brown, et al.); U.S. Pat. No. 8,160,684 (Ghanem, et al.),
and U.S. Pat. No. 8,437,842 (Zhang, et al.), all of which
patents are incorporated herein by reference in their entirety.
The detection algorithms are highly sensitive and specific
for the presence or absence of life threatening, shockable
VT. Methods disclosed herein for detecting a lead issue may
be implemented in any of the IMDs described as being
coupled to a medical electrical lead in the incorporated
references.

[0053] It should be noted that implemented arrhythmia
detection algorithms may utilize not only ECG signal analy-
sis methods but may also utilize supplemental sensors 96,
such as blood pressure, tissue oxygenation, respiration,
patient activity, heart sounds, and the like, for contributing
to a decision by control module 80 to apply or withhold a
therapy.

[0054] Therapy delivery module 84 includes a high volt-
age (HV) therapy delivery module including one or more
HV output capacitors and, in some instances, a low voltage
therapy delivery module. When a shockable VT rhythm is
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detected the HV capacitors are charged to a pre-programmed
voltage level by a HV charging circuit. Control module 80
applies a signal to trigger discharge of the HV capacitors
upon detecting a feedback signal from therapy delivery
module 84 that the HV capacitors have reached the voltage
required to deliver a programmed shock energy. In this way,
control module 80 controls operation of the high voltage
output circuit of therapy delivery module 84 to deliver high
energy cardioversion/defibrillation shocks using defibrilla-
tion electrode 24 and housing 15.

[0055] Each sensing channel included in electrical sensing
module 86 includes spike detector circuitry for detecting
non-physiological electrical signal spikes present in the
cardiac electrical(s) received by sensing module 86. Non-
physiological signal spikes may be caused by electrical
stimulation pulses delivered by another implanted device,
such as pacemaker 100. The spike detector produces a spike
detect signal passed to control module 80 for use in detecting
a lead issue as well as avoiding false detections of VT due
to oversensing of electrical spikes that are not true R-waves.
In some examples, sensing module 86 is configured to detect
pacing pulses delivered to heart 26 by pacemaker 100. For
example, when both ICD 14 and pacemaker 100 are
implanted in a patient, bradycardia pacing pulses or anti-
tachycardia pacing pulses delivered by pacemaker 100 may
be detected by the spike detector of sensing module 86. The
spike detector may be implemented according to the appa-
ratus and techniques for detecting pacing pulses as generally
disclosed in U.S. patent application Ser. No. 14/687,053
(Reinke, et al., Atty. Docket No. C00007066.USU2), filed on
Apr. 15, 2015, incorporated herein by reference in its
entirety.

[0056] Control module 80 may receive spike detection
output signals from the spike detector (from one or more
sensing channels) to prevent pacing spikes from being
counted as R-waves in tachyarrhythmia detection algo-
rithms. Control module 80 is configured to analyze the
timing of spike detect signals received form sensing module
86 as described below to identify non-physiological spikes
that are unlikely to be a pacing spike or EMI and are
therefore likely to be lead issue spikes. Spikes that are
unlikely to be caused by a pacing pulse or EMI are identified
as lead issue spikes and can lead to detection of a lead issue
by control module 80.

[0057] Control module 80 is configured to determine event
intervals between cardiac sensed event signals and spike
detect signals received from sensing module 86. Any com-
bination of two consecutive signals received from sensing
module 86 may define an event interval, e.g., R-sensed event
signals and spike detect signals, and one or more event
intervals are compared to lead issue spike detection criteria
for identifying spikes that are more likely caused by a lead
issue than other non-physiological signal sources. Event
intervals determined by control module 80 may include R-S
intervals, S-R intervals, S-S intervals and R-R intervals for
example. An R-S interval is determined as the interval from
an R-sensed event signal to a spike detect signal that
consecutively follows the R-sensed event signal without any
intervening R-sensed event signal. An S-R interval is deter-
mined as the interval from a spike detect signal to an
R-sensed event signal that consecutively follows the spike
detect signal. An S-S interval is determined when two
consecutive spike detect signals occur with no intervening
R-sensed event signal, and an R-R interval is determined
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between two consecutive R-sensed event signals occur with
no intervening spike detect signal. These various R-S, S-R,
S-S, and R-R event intervals are used by control module 80
for discriminating spike detect signals likely to be due to a
lead issue from spike detect signals likely to be due to
electrical stimulation pulses delivered by another device or
EMI, as further described below.

[0058] Control module 80 may be configured to generate
a patient or physician alert in response to lead issue detection
criteria being met. For example, an alert may be generated
upon a predetermined number or frequency of spike detect
signals being identified as lead issue spikes. The alert may
be a communication signal transmitted by telemetry module
88, mild electrical stimulation delivered by therapy delivery
module 84 via any of electrodes 24, 28, 30 or 15, an audible
alert generated by an acoustic transducer included in sensors
96 or other alert signal perceptible by the patient or trans-
mitted and received by an external device such as device 40
of FIG. 1.

[0059] User-programmable sensing and therapy delivery
control parameters may be programmed into memory 82 via
telemetry module 88. Telemetry module 88 includes a
transceiver and antenna for communicating with external
device 40 (shown in FIG. 1) using RF communication or
other communication protocol. Telemetry module 88 may
receive downlink telemetry from and send uplink telemetry
to external device 40.

[0060] ECG episode data related to detected spikes that
are identified as lead issue spikes may be stored in memory
82 and transmitted by telemetry module 88 to external
device 40 upon receipt of an interrogation command. Cli-
nician or technician review of ECG episodes that include
spike detection data facilitates proper diagnosis of a lead
issue, enabling corrective action to be taken, such as repro-
gramming ICD 14 to use different therapy and/or sensing
vectors or replacement of lead 16.

[0061] FIG. 3 is a block diagram of an example sensing
channel 101 of sensing module 86 of FIG. 2. The sensing
channel 101 may receive an electrical signal developed
across input electrodes, e.g., electrodes 28 and 30, coupled
to sensing channel 101. Sensing channel 101 is shown
coupled to electrodes 28 and 30 in this example, but other
electrodes or other combinations of available electrodes may
be coupled to sensing channel 101. Sensing module 86 may
include multiple sensing channels similar to sensing channel
101 for each sensing vector signal to be analyzed for use in
detecting VT and for detecting signal spikes. In the case of
multiple sensing channels, sensing module 86 may include
duplicate components for each sensing channel 101, or the
sensing channels may share one or more components.
[0062] In this example, sensing channel 101 includes a
pre-filter and pre-amplifier 102, low-pass filter 104, analog-
to-digital converter (ADC) 106, decimator 108, spike
removal module 110, spike blanking control 112, spike
detector 114, cardiac event detector 120 and ECG digital
filter 122. The configuration of sensing channel 101 is
illustrative in nature and should not be considered limiting
of the techniques described herein. The sensing channel 101
of sensing module 86 may include more or fewer compo-
nents than illustrated and described in FIG. 3. Sensing
channel 101, however, does include a hardware-based spike
detector 114 for detecting non-physiological signal spikes in
some examples. Software or firmware based algorithms for
detecting suspected non-physiological signal spikes from
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the cardiac electrical signal need not be performed by
control module 80. In other words, the spike detector 114
may be a hardware implemented spike detector that provides
control module 80 with a spike detect signal when a non-
physiological signal spike occurs without control module 80
having to perform algorithmic analysis of the morphology of
the cardiac electrical signal for detecting the non-physiologi-
cal signal spike. Once the spike detect signal is received,
control module 80 performs a time-interval based analysis of
spike detect signals and cardiac sensed event signals to
discriminate lead issue spikes from other non-physiological
signal sources.

[0063] The electrical signal developed across input elec-
trodes 28 and 30 is provided as a differential input signal to
pre-filter and pre-amplifier 102. Non-physiological high
frequency and DC signals may be filtered by a bandpass
filter included in pre-filter and pre-amplifier 102, and high
voltage signals may be removed by protection diodes
included in pre-filter and pre-amplifier 102. Pre-filter and
pre-amplifier 102 amplifies the pre-filtered signal by a gain
of between 10 and 50, and in one example a gain of 17.5, and
may convert the differential signal to a single-ended output
signal passed to low pass filter 104.

[0064] Pre-filter and pre-amplifier 102 may, in some
examples, generate a pre-amp over-range signal 103 when
the pre-filtered signal exceeds a range of the pre-amplifier
input. For example, an amplifier included in pre-filter and
pre-amplifier 102 may have an input range of approximately
£10 to 20 millivolts (mV); however, the input range may be
smaller or larger in other examples. Pre-filter and pre-
amplifier 102 may generate the pre-amp over-range signal
103 when the input signal causes the preamplifier to be
over-range. Such a condition may be evidence of a non-
physiological input signal that is greater than approximately
10 to 20 mV input range, larger than the expected amplitude
of a physiological cardiac electrical signal, e.g., an R-wave
corresponding to a ventricular contraction, which might
typically be in the range of 1 to 5 mV. The pre-amp
over-range signal 103 may be provided to spike detector 62
for use in detecting non-physiological signal spikes.
[0065] The pre-amplified signal output of pre-filter and
pre-amplifier 102 is passed to low pass filter 104. Low pass
filter 104 may provide anti-alias filtering and noise reduction
prior to digitization. The filtered signal output of low pass
filter 104 is passed to ADC 106, which converts the analog
signal to a digital bit stream. In one example, ADC 106 may
be a sigma-delta converter (SDC), but other types of ADCs
may be used. The output of ADC 106 may be provided to
decimator 108, which functions as a digital low-pass filter
that increases the resolution and reduces the sampling rate.
In one example, ADC 106 may have an 8-bit resolution and
16 or 32 kiloHertz (kHz) sampling rate. Decimator 108 may
have a 16-bit resolution and a 1 kHz sampling rate. These
values are intended for illustrative purposes only and should
not be considered limiting of the techniques described
herein.

[0066] ADC 106 may have other characteristics, such as
an input range and a slew rate range. In one example, the
input amplitude range of ADC 106 may be between 25 and
825 mV. ADC 106 may be configured to generate an ADC
input over-range signal 105 when the input signal amplitude
is greater than the input amplitude range of ADC 106. For
example if the preamplifier had a gain of 17.5 and an input
signal change of 25 mV, the output of the preamplifier would
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change from approximately 425 mV to approximately 850
mV causing the ADC input to exceed the maximum input
range. Such a condition may, for example, be indicative of
a non-physiological signal spike that is larger than an
expected R-wave or other physiological event of the ECG.
[0067] Alternatively or additionally, ADC 106 may be
configured to generate a slew rate over-range signal 107
when the slew rate is faster than can be tracked by ADC 106.
For example, the accumulated voltage error signal internal
to ADC 106 may be monitored with a comparator and when
the error signal exceeds the comparator threshold, the slew
over-range signal 107 is generated. In one example, the
slew-rate over-range signal 107 may be generated when the
slew rate of the ADC input signal is greater than or equal to
54 mV/ms corresponding to a signal at the input of the
preamplifier of approximately 3 mV/ms. The ADC input
over-range signal 105 and/or the slew rate over-range signal
107 are provided to spike detector 114 for detecting non-
physiological signal spikes.

[0068] The digitized signal output from decimator 108
may be provided to the cardiac event detector 120 and the
ECG digital filter 122. Cardiac event detector 120 may
include a bandpass filter (e.g., 10 to 32 Hz), rectifier, and
threshold crossing detector. The cardiac event detector 120
may, in one example, operate by setting an auto-adjusting
sensing threshold that dynamically varies from a percentage
of the peak value of the currently detected cardiac event
signal, e.g., the peak amplitude of a sensed R-wave, and a
programmed minimum value according to one or more
decay rates or step drops. A sensed event signal 124 is output
from cardiac event detector 120 and passed to control
module 80 to indicate that a cardiac event is detected, e.g.,
an R-wave, when the received electrical signal exceeds the
cardiac event sensing threshold.

[0069] Cardiac event detector 120 may apply a post-sense
blanking period after a sensing threshold crossing. A post-
sense blanking period prevents the same cardiac signal from
being sensed twice by cardiac event detector 120. A post-
sense blanking period may be applied by setting the sensing
threshold to a maximum value such that a threshold crossing
cannot be detected. During the blanking period the peak
signal amplitude of the currently sensed event is determined,
e.g., by a peak tracking circuit. Upon expiration of the
blanking period, the sensing threshold is adjusted to a
percentage of the peak amplitude of the sensed event.
During the post-sense blanking period, which is typically
120 ms, or in the range of 80 ms to 140 ms, cardiac event
detector 120 is effectively disabled from producing a sensed
event signal 124.

[0070] In some examples, control module 80 is configured
to perform signal morphology analysis of the cardiac elec-
trical signal. In this case. ECG digital filter 122 may apply
a bandpass filter (e.g., with a bandwidth of 2.5 to 32 Hz) to
provide a filtered, digitized ECG signal to control module 80
for performing morphology analysis according to imple-
mented VT detection algorithms.

[0071] Spike detector 114 receives the output of ADC 106
for detecting non-physiological signal spikes. For example,
spike detector 114 may be configured to detect non-physi-
ological signal characteristics of a pacing spike caused by a
pacing pulse delivered by another therapy delivery device
implanted in the patient. For example, spike detector 114
may use comparators or other hardware-based techniques
for detecting an amplitude of the signal received from ADC
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106, slew rate, or other feature that is characteristic of a
pacing pulse signal that is not physiological in origin. Spike
detector 114 may include a filter configured to pass electrical
signals corresponding to pacing pulses and reject intrinsic or
evoked cardiac electrical event signals such as R-waves,
P-waves or T-waves (e.g., a filter that passes signals having
frequencies greater than 100 Hz). Alternatively or addition-
ally, spike detector 114 may include a differentiator, differ-
ence filter, or a first order derivative filter that may be used
to obtain a signal representative of the slew rate of the
sensed signal.

[0072] Spike detector 114 may also include one or more
threshold detectors. In another example, spike detector 114
may include a slew rate threshold detector that compares the
output of a differentiator or a first order derivative filter to a
slew rate threshold. If the slew rate exceeds the slew rate
threshold, spike detector 114 determines that the signal has
characteristics of a pacing pulse (or other non-physiological
signal spike). Spike detector 114 may additionally or alter-
natively analyze the amplitude of the input signal received
from ADC 106 for detecting a signal having signal charac-
teristics of a pacing spike. For example, if the slew rate
exceeds a slew rate threshold and the amplitude exceeds an
amplitude threshold, a spike detection may be made.
[0073] In some cases, a high slew rate, high amplitude
signal having characteristics that are non-physiological is
caused by EMI or a lead issue. As such the slew rate and
amplitude criteria used to detect a signal spike by spike
detector 114 may not be specific to detecting spikes caused
by therapeutic electrical stimulation pulses delivered by
another medical device. Detected spikes may arise from
other non-physiological signal sources such as EMI or lead
issues.

[0074] In addition to receiving the ADC output signal,
spike detector 114 may receive the pre-amp over-range
signal 103 from pre-filter and pre-amplifier 102, the ADC
input over-range signal 105 from ADC 106, and the slew rate
over-range signal 107 from ADC 106. All or at least some of
these signals may be indicative of a signal spike. For
example, a preamplifier over-range signal 103 or an ADC
input over-range signal 105 may be indicative of a signal
spike that is much larger than an expected ventricular
depolarization signal, i.e., an R-wave. As another example,
an ADC slew rate over-range signal 107 may be indicative
of a signal spike since an R-wave would not exceed a slew
rate limit of the ADC 106. As such, each of these over-range
signals indicate the presence of a signal spike, which may be
caused by a pacing pulse delivered by pacemaker 100, a lead
issue, or EMI. Spike detector 114 may receive these over-
range signals 103, 105 and 107 for use in detecting signal
spikes in response thereto in addition to amplitude and/or
slew rate thresholds applied to the ADC output signal. In
some instances, however, spike detector 114 may detect
signal spikes using only the sensed electrical signal output
by ADC 106.

[0075] If spike detection criteria are met, spike detector
114 generates a spike detect signal 115 that is passed to
control module 80. In some examples, the spike detect signal
115 is passed to a blanking control 112 that initiates a spike
blanking period applied by spike removal module 110.
During the spike blanking period, spike removal module 110
adjusts the signal output from decimator 108 to remove or
substantially diminish the spike from the electrical signal
passed to cardiac event detector 120.
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[0076] Spike removal module 110 may, in one example,
include a sample and hold circuit that holds the value of the
electrical signal at a current value in response to receiving a
control signal from spike blanking control 112. The current
value may be a value of the electrical signal from decimator
108 prior to the spike detect signal. In another example,
spike removal module 110 may interpolate a signal value
determined from one or more signal values before and/or
after the spike detect signal 115 is produced. Spike removal
module 110 holds the value of the electrical signal for the
spike blanking period, which may be until the blanking
control 112 removes the control signal.

[0077] During the spike blanking period, the detected
spike is removed from the cardiac electrical signal passed to
cardiac event detector 120. Cardiac event detector 120 may
remain enabled to detect cardiac sensing threshold crossings
and produce sensed event signals 124, but since the spike is
removed or “blanked” from the incoming signal, a sensing
threshold crossing during the spike blanking period is highly
unlikely. In other examples, the cardiac event detector 120
may be disabled from sensing a cardiac event during the
spike blanking period.

[0078] The spike blanking period may be approximately
20 ms to 40 ms, but may be longer or shorter than these
intervals in other examples. In some cases, the spike blank-
ing period is selected to be long enough to effectively
remove a pacing spike from the signal received by cardiac
event detector 120. In this way, when ICD 14 is implanted
with another therapy delivery device such as pacemaker 100,
pacing pulses delivered by pacemaker 100 that cause a
pacing spike on the cardiac electrical signal received by
sensing channel 101 are substantially removed and go
undetected by cardiac event detector 120. The spike blank-
ing period is kept as short as possible to remove the pacing
spike without “blinding” cardiac event detector 120 any
longer than necessary and enable high rate true cardiac
events to be detected and appropriately result in sensed
event signals 124.

[0079] Spike removal module 110 or another component
of sensing channel 101 may, in some instances, include a
delay block that introduces a delay into the electrical signal
prior to the sample and hold circuit to allow for detection of
a spike by spike detector 114 and processing time required
to remove the signal spike before it is passed to cardiac event
detector 120. The delay introduced into the sensing channel
101 may be between approximately 1 to 20 ms. In some
instances, this introduced delay is not required since deci-
mator 108 may provide some inherent delay between the
ADC output and the spike removal module 110.

[0080] By removing the spike from the output of decima-
tor 108 for a spike detection blanking period, cardiac event
detector 120 does not falsely detect spikes in the electrical
signal as intrinsic R-waves, thus reducing the likelihood of
oversensing pacing pulses delivered by pacemaker 100. In
some examples, the output of spike removal module 110 is
provided as the input to ECG digital filter 122. A “blanked”
ECG signal 125 may be output by ECG digital filter 122 to
provide control module 80 with a cardiac electrical signal
with detected spikes removed or substantially eliminated
from the signal. In this way, pacing spikes caused by pacing
pulses delivered by pacemaker 100 do not confound the
ECG morphology analysis that may be performed by control
module 80 for VT detection.
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[0081] 1In other examples, the output from decimator 108
is provided to ECG digital filter, additionally or instead of
the output from spike removal module 110. ECG digital
filter 122 provides a non-blanked ECG signal 126 to control
module 80 that includes spikes detected by spike detector
114. Control module 80 may be configured to perform
morphology analysis of detected spikes in the non-blanked
ECG signal 126 in order to identify lead issue spikes.
[0082] Control module 80 may perform analysis of
detected spikes for discriminating between lead issue spikes
and spikes caused by other sources such as EMI or therapy
pulses delivered by another implanted therapy delivery
device such as pacemaker 100. At certain times, the non-
blanked ECG signal 126 may be stored by memory 82 under
the control of control module 80 so that ECG signal episodes
that include spikes detected by spike detector 114 and
identified as lead issue spikes by control module 80 are
available for review by a clinician or technician.

[0083] Control module 80 is further provided with spike
detect signals 115 from spike detector 114 for detecting a
lead issue. If the frequency of spike detect signals reaches a
predetermined frequency threshold for detecting a lead
issue, ICD 14 may generate an alert. For example, with no
limitation intended, if 30 spike detect signals are received
over a three day period, a lead issue alert may be generated.
A greater number of spikes or a smaller number of spikes
may be required over a shorter or longer period of time in
order to cause a lead issue alert to be generated. Lead issue
detection criteria may include a threshold number of lead
issue spikes being identified and may require that the
threshold number of lead issue spikes be reached within a
predefined time interval.

[0084] A lead issue spike may have a wider signal width
(longer duration) than a pacing spike. As such, in some cases
a detected spike caused by a lead issue may still be present
after the spike blanking period has expired. This situation
could lead to a cardiac event sensing threshold crossing and
a sensed event signal produced by cardiac event detector 120
immediately after the spike blanking period expires. Since
lead issues are expected to be rare, the spike blanking period
may be kept to the shortest duration possible to “blank”
pacing spikes from the signal received by cardiac event
detector 120 since such spike can be frequent when pace-
maker 100 or another therapy delivery device is present in
the patient. A cardiac sensed event signal 124 closely
coupled in time to a spike detect signal 115, e.g., within a
very short interval of the spike blanking period expiration,
may be evidence of a lead issue spike. These and other
criteria for identifying lead issue spikes are further described
below.

[0085] The sensing channel 101 illustrated in FIG. 3 is one
example of a sensing channel that may be implemented in
conjunction with the techniques disclosed herein. Other
configurations of a sensing channel or arrangement of com-
ponents in the sensing channel may be utilized. In other
examples, spike detector 114 may obtain its input from other
components earlier in the sensing channel processing stage
or spike removal module 110 may be located elsewhere
within the sensing channel, such as between prefilter and
preamplifier 102 and low-pass filter 104.

[0086] FIG. 4 is a schematic representation of an IMD
system 200 that includes an ICD 214 capable of delivering
high voltage and low voltage therapies to heart 226. Sensing
channel 101 of FIG. 3 including a spike detector is described
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above in the context of ICD 14 shown in FIG. 1 coupled to
an, extracardiac, extravascular lead 16. However, the pres-
ently disclosed techniques for detecting and discriminating
lead issue spikes and generating a lead issue alert may be
implemented in other IMD systems that include transvenous
lead(s) that may extend into heart 226, such as IMD system
200.

[0087] ICD 214 is coupled to heart 226 via leads 212, 216,
and 218. Right atrial lead 212 extends from ICD 214 to the
right atrium (RA) and carries distal electrodes 220 and 222
for sensing cardiac electrical signals and delivering pacing
pulses in the RA. In addition, IMD housing 215 may be used
as a return electrode in combination with electrodes 220
and/or 222 to deliver the pacing pulses in the RA.

[0088] Right ventricular lead 216 carries a tip electrode
230 and a ring electrode 232 for sensing cardiac electrical
signals and delivering pacing pulses in the RV. RV lead 216
may additionally carry high voltage electrodes 234 and 236,
referred to herein as the RV defibrillation electrode 234 and
the superior vena cava (SVC) defibrillation electrode 236,
for delivering high voltage cardioversion and defibrillation
shocks in response to detecting a shockable VT from sensed
cardiac signals. Housing 215 may be used with pace/sense
electrodes 230 and 232 for delivering RV pacing pulses or in
combination with defibrillation electrodes 234 and/or 236
during shock delivery.

[0089] A coronary sinus (CS) lead 218 is shown extending
into a cardiac vein 250 via the RA and coronary sinus for
positioning electrodes 240 and 242 for sensing cardiac
signals and delivering pacing pulses along the left ventricle
(LV). In some examples, CS lead 18 may additionally carry
electrodes for positioning along the left atrium (LA) for
sensing and stimulation along the left atrial chamber. CS
lead 218 may carry additional electrodes positioned along
the left ventricle, e.g., four electrodes or more for providing
multiple selectable pacing or sensing vectors. Housing 215
may be used as an electrode in combination with electrodes
240 and/or 242 to deliver the pacing pulses to the LV.
[0090] The depicted positions of leads 212, 216 and 218 in
or about the right and left heart chambers are merely
illustrative. Other leads and pace/sense electrodes and/or
high voltage CV/DF electrodes can be used instead of, or in
combination with, any one or more of the depicted leads and
electrodes shown in FIG. 3. ICD 214 is shown as a multi-
chamber device capable of sensing and stimulation in three
or all four heart chambers. It is understood that ICD 214 may
be modified to operate as a single chamber device, e.g. with
a lead positioned in the RV only, or a dual chamber device,
e.g. with a lead positioned in the RA and a lead positioned
in the RV.

[0091] In general, ICD 214 may be embodied as any
single, dual or multi-chamber device configured to receive at
least one medical electrical lead by a connector assembly
213 having one or more bores for mating with a respective
number of lead connectors. One or more electrodes carried
by a lead coupled to ICD 214 is used for sensing cardiac
electrical signals and may be used for delivering therapy to
heart 226. ICD 214 may be embodied as an ICD capable of
delivering both low voltage pacing pulses and high voltage
CV/DF shocks or as a pacing device only for delivering low
voltage pacing therapies.

[0092] Each of leads 212, 216 and 218 include insulated
electrical conductors extending from the respective elec-
trodes 220, 222, 23, 232, 234, 236, 240 and 242 to a
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respective proximal connector 250, 252, or 254 that electri-
cally couples the electrodes to circuitry enclosed by housing
215 when the proximal connectors 250, 252 and 254 are
properly positioned in IMD connector assembly 213. Cir-
cuitry enclosed in housing 215 may generally correspond to
the modules and their associated functions shown and
described in conjunction with FIG. 2 above. The techniques
disclosed herein for detecting lead issues may be applied to
any of the leads 212, 216 and 218.

[0093] As such, ICD 214 includes a sensing module 86,
which may include multiple sensing channels, one, some or
all of which may be represented by sensing channel 101
shown in FIG. 3 including spike detector 114. In this case,
sensing channel 101 may receive an intracardiac electro-
gram (EGM) signal from electrodes positioned within a
heart chamber rather than the ECG signal acquired via
extracardiac electrodes as described in conjunction with ICD
14 of FIG. 1. Either of these cardiac electrical signals, i.e.,
an ECG or EGM, acquired using electrodes carried by a
medical electrical lead coupled to the associated ICD 14 or
ICD 214 may include spikes caused by a lead issue enabling
detection of the lead issue by the control module 80 of the
respective ICD 14 or ICD 214 according to the techniques
disclosed herein.

[0094] FIG. 5 is a flow chart 260 of one method for
detecting a lead issue based on spike detect signals received
from sensing channel 101 according to one example. The
process shown by flow chart 260 may be implemented in the
ICD 214 shown in FIG. 4 or in the ICD 14 shown in FIG.
1 and may be used when no other therapy delivery device is
present in (or on) the patient. When no other therapy
delivery device is present, spikes that are detected by spike
detector 114 will most likely be caused by EMI or a lead
issue but are not due to a pacing or other electrical stimu-
lation pulse delivered by another medical device. As such, a
lead issue spike can be identified by discriminating lead
issue spikes from spikes that are likely caused by EMI.
[0095] At block 261, a frequency timer and a lead issue
spike counter included in control module 80 are initialized
for tracking the number and frequency of spike detect
signals received from spike detector 114 that are identified
as lead issue spikes. A lead issue may be detected by control
module 80 when a required number of lead issue spikes are
identified or when a required number oflead issue spikes are
identified within a predetermined period of time, i.e., a
required frequency of lead issue spikes is met. The fre-
quency timer may be set to one or more minutes, one or
more hours, one or more days, e.g., on hour, one day, three
days, or other selected time interval, at block 261.

[0096] Control module 80 waits for a spike detect signal
from spike detector 114 at block 262. If the frequency timer
expires at block 278 while waiting for a spike detect signal
at block 262. The lead issue spike detection count for the
current frequency time interval may be stored in memory at
block 284 in some examples to allow a combination of
multiple lead issue counts obtained over multiple respective
frequency time intervals to be compared to lead issue
detection criteria. The frequency timer and lead issue coun-
ter are re-initialized at block 261.

[0097] Ifaspike detect output signal is received by control
module 80 at block 262, control module 80 determines the
event time interval between the most recent preceding event
signal received from sensing channel 101 and the currently
received spike detect signal at block 264. The most recent
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preceding event signal may be a cardiac sensed event signal,
such as a P-wave sensed event signal or an R-wave sensed
event signal, received from cardiac event detector 120 or a
preceding spike detect signal received from spike detector
114. As such, the event interval determined at block 264 may
be an interval between a preceding cardiac sensed event
signal received from cardiac event detector 120 to the
currently received spike detect signal or an interval between
two consecutively received spike detect signals. To illus-
trate, if the sensing channel 101 providing the spike detect
signal received at block 262 is a ventricular sensing channel,
the time interval ending on the currently received spike
detect signal may be an R-S interval or an S-S interval.
[0098] The time interval ending on the currently received
spike detect signal is compared to criteria for identifying the
spike detect signal as a lead issue spike and not an EMI spike
at block 266. In one example, the criteria for identifying a
lead issue spike include the requirement that the event
interval ending on a spike detect signal be greater than a
minimum lead issue event interval since the most recently
preceding event signal. As such, the event interval deter-
mined at block 264 is compared to a minimum lead issue
event interval at block 266. In one example, the minimum
lead issue event interval is an applied blanking period plus
a predefined EMI exclusion time interval (e.g., N ms).
[0099] The blanking period may be a post-sense blanking
period applied by cardiac event detector 120 or a spike
blanking period applied by blanking control 112 and spike
removal module 110. The post-sense blanking period is
applied by cardiac event detector 120 after a sensed event
signal is generated and precludes double sensing of the same
cardiac event by cardiac event detector 120. The post sense
blanking period may be approximately 100 to 150 ms but
may be more or less than this range depending on the
particular IMD or ICD and sensing channel. In one example,
the post sense blanking period is 120 ms. The minimum lead
issue event interval for detecting a lead issue spike is set at
the blanking period plus an EMI exclusion interval, e.g., 20
ms. Thus, in one example, the minimum lead issue event
interval is 140 ms.

[0100] If the most recent preceding event is a spike detect
signal, the applied blanking period is the spike blanking
period. In this case the blanking period may be 20 ms and
the EMI exclusion interval may be 20 ms to provide a
minimum lead issue event interval applied at block 266 of 40
ms. The blanking period used corresponds to the type of
event that preceded the currently received spike detect
signal, and the EMI exclusion interval is selected to exclude
spike detect signals received within an EMI cycle time after
the end of the applied blanking period from being identified
as lead issue spikes.

[0101] To illustrate, if EMI is present on the cardiac
electrical signal, multiple EMI spikes may be removed or
blanked from the cardiac electrical signal during a blanking
period applied by spike removal module 110 or by cardiac
event detector 120. If EMI is present, the first EMI spike
outside an applied blanking period may occur less than 20
ms after the end of that blanking period (if 60 Hz noise is
present, EMI spikes may occur approximately every 8 ms in
the rectified cardiac electrical signal) or less than 40 ms after
the blanking period (if 16 Hz noise is present causing EMI
spikes every 33 ms in the rectified cardiac signal). If the first
spike detect signal received after the applied blanking period
is within the EMI exclusion interval, e.g., up to 40 ms after
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the blanking period, at block 266, the spike detect signal
may be an EMI spike and is therefore not identified as a lead
issue spike. Control module 80 returns to block 262 to wait
for the next spike detect signal as long as the frequency timer
has not expired, as determined at block 278 before returning
to block 262.

[0102] If the event interval determined at block 264 is
longer than the currently applied blanking interval plus the
EMI exclusion interval (block 266), the spike detect signal
received from detector 114 is identified as a lead issue spike
at block 268 by control module 80. The lead issue counter
initialized to zero at block 261 is incremented by one at
block 270. If the lead issue counter has reached a storage
value, as determined at block 272, an episode of the cardiac
electrical signal may be stored at block 274. The stored
signal may be the non-blanked ECG (or EGM) signal output
received from decimator 108 and filtered by ECG (or EGM)
digital filter 122 that includes the spike signal. The stored
signal may alternatively be the blanked ECG (or EGM)
signal received by digital filter 122 from spike removal
module 110. In some examples, both the blanked cardiac
electrical signal (processed by spike removal module 110)
and the non-blanked cardiac electrical signal (not processed
by spike removal module 110) are stored. In other examples,
the cardiac electrical signal output from another component
of sensing channel 101 may be stored at block 274, such as
the output of prefilter and preamplifier 102, output of
lowpass filter 104 or output of decimator 108, which pro-
vides the cardiac electrical signal without blanking of the
detected spike by spike removal module 110. The cardiac
electrical signal may be stored each time the lead issue
counter reaches predefined storage values, e.g., when the
lead issue counter reaches a value of 1, 10, 20, and 30 or any
other predefined values.

[0103] At block 276, the detected lead issue count(s) for
one or more frequency time intervals are compared to lead
issue detection criteria. In one example, the lead issue count
for a single frequency time interval, e.g., one hour or one
day, is compared to a lead issue detection threshold. In
another example, the counts for multiple frequency time
intervals may be individually compared to a lead issue
detection threshold and/or summed and compared to a
combined count lead issue detection threshold. In one
example, 30 lead issue spikes are required within three days
in order to detect a lead issue. The lead issue count obtained
over three consecutive 24-hour frequency time intervals may
be summed and compared to the 3-day threshold or a single
3-day count may be compared to the 3-day threshold. In
another example, 10 lead issue spikes within one hour or
within 24 hours may cause lead issue detection. In still other
examples, a frequency criterion is not used and whenever a
threshold number of lead issue spikes are identified, e.g., 50
lead issue spikes, a lead issue is detected.

[0104] The frequency timer and lead issue counter initial-
ized at block 261 provide one technique for control module
80 to determine whether lead issue detection criteria are met,
but it is recognized that other techniques for tracking the
number and frequency of detected lead issue spikes may be
implemented. In the example shown, the lead issue detection
criteria can become satisfied during the frequency time
interval if a current count of detected lead issue spikes, or a
current count summed with preceding frequency time inter-
val counts, reaches a detection threshold. In other examples,
the lead issue detection criteria may be applied only after a
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frequency time internal expires and uses the total count(s)
obtained over one or more expired frequency time intervals.
[0105] If the lead issue detection criteria are not met at
block 276, and the frequency timer has not expired, as
determined at decision block 278, the control module 80
waits for the next spike detect signal at block 262. If the
frequency timer expires (block 278), control module 80
resets the frequency timer and the lead issue counter at block
261 to begin counting lead issue spikes during the next
frequency time interval.

[0106] If the lead issue detection criteria are satisfied at
block 276, control module 80 detects a lead issue at block
280 and generates an alert at block 282. In this way, spikes
detected by the spike detector 114 of sensing channel 101 are
used to detect a lead issue as well as prevent cardiac event
oversensing and false VT detection.

[0107] FIG. 6 is a flow chart 300 of a method for identi-
fying a lead issue according to another example. The process
of flow chart 300 for detecting a lead issue is implemented
in an IMD when another therapy delivery device is present
in the patient. Flow chart 300 is described in the context of
ICD 14 when pacemaker 100 is present as shown in FIG. 1.
The process of flow chart 300, however, may be imple-
mented in other pacemakers, ICDs or cardiac signal moni-
tors when another therapy delivery device is present in or on
the patient. ICD 14 may be programmed manually to enable
the lead issue detection process shown by flow chart 300
when pacemaker 100 is co-implanted.

[0108] Alternatively, ICD 14 may be configured to auto-
matically detect the presence of pacemaker 100 based on
receipt of a communication signal from pacemaker 100 or
by detecting pacing pulses delivered by pacemaker 100.
Detection of pacing pulses may be performed as generally
disclosed in U.S. patent application Ser. No. 14/686,947
(Reinke, et al., Atty. Docket No. C00006980.USU2), incor-
porated herein by reference in its entirety. ICD 14 may
switch between the process shown by flow chart 260 of FIG.
5 and the process shown by flow chart 300 of FIG. 6 as
needed based on the absence or presence of another therapy
delivery device, respectively. Switching between the two
processes may be automatic when a second device is rec-
ognized automatically by ICD 14 or in response to manual
programming by a clinician.

[0109] At block 301, control module 80 starts a frequency
timer and initializes a lead issue counter to zero as described
above with respect to flow chart 260 of FIG. 5. ICD 14
receives a cardiac electrical signal by sensing channel 101
via at least one electrode carried by lead 16, and control
module 80 receives event signals from sensing channel 101
at block 302. The event signals may be cardiac sensed event
signals 124, spike detect signals 115 or both. Upon receiving
an event signal from sensing channel 101 at block 302,
control module 80 computes a current event interval at block
303.

[0110] At block 304, control module 80 determines an
event interval metric from a predetermined number of
preceding event intervals. The preceding event intervals
may include intervals between two cardiac sensed event
signals from cardiac event detector 120, two spike detect
signals from spike detector 114, or one cardiac sensed event
signal and one spike detect signal (with the spike detect
signal ending the interval or starting the interval). The event
interval metric may be a maximum, median, predetermined
percentile (e.g., 75” percentile) or other statistical event
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interval metric determined from the immediately preceding
predetermined number of consecutive event intervals. The
consecutive event intervals may be any combination of R-R,
R-S, S-R, or S-S intervals as they occur. The current event
interval ending with the current event signal received at
block 302 is not used in updating the event interval metric
at block 304. Rather, the current event interval is compared
to the updated event interval metric determined from pre-
ceding event intervals as described below.

[0111] In one example, the maximum event interval out of
three consecutive event intervals preceding the current event
interval is determined. In other examples, the maximum
event interval of more than three preceding event intervals,
e.g., five to eight event intervals, is determined. The maxi-
mum event interval is stored and updated upon each event
signal received by control module 80 as the maximum event
interval out of the predetermined number of preceding event
intervals.

[0112] If the current event signal received from sensing
module 101 at block 302 is a cardiac event signal, the
process returns to block 322 to check if the frequency timer
has expired. If not, control module 80 waits for the next
event signal (spike detect signal or cardiac event signal) at
block 302. The current event interval determined at block
303 will be used to update the event interval metric at block
304 after the next event signal is received at block 302.
[0113] If the current event signal received from sensing
channel 101 is a spike detect signal, the currently stored
event interval metric is compared a tachyarrhythmia detec-
tion interval (TDI) at block 308. The TDI may be 500 ms or
another value considered to discriminate event intervals that
are not evidence of tachyarrhythmia. The TDI may be set
equal to a TDI used by pacemaker 100 for detecting tach-
yarrhythmia when TDI of pacemaker 100 is known. Other-
wise a nominal or programmable TDI is used for the
comparison at block 308 in ICD control module 80.
[0114] If the currently stored event interval metric is less
than the TDI, pacemaker 100 may be detecting tachyarrhyth-
mia and delivering ATP. A spike detect signal received by
control module 80 of ICD 14 when the event interval metric
is less than the TDI is not identified as a lead issue spike
since there is a possibility that the spike is a pacing spike due
to an ATP pulse delivered by pacemaker 100.

[0115] A true lead issue spike may go unidentified in this
case if pacemaker 100 is not pacing. Undersensing of lead
issue spikes when there is an increased likelihood of ATP
delivery by pacemaker 100, however, may be acceptable.
Over the course of the frequency timer, it is expected that if
a true lead issue exists, a threshold number of lead issue
spikes will be positively identified at times that there is a
decreased likelihood of ATP delivery by the pacemaker 100
(i.e., when the event interval metric is greater than the TDI
at block 308) so that an appropriate lead issue detection can
still be made. By not identifying spike detect signals as
being lead issue spikes when the event interval metric is less
than a TDI, a false detection of a lead issue is avoided.
[0116] Additionally or alternatively, ICD 14 may utilize
other techniques at block 308 for determining that the spike
detect signal is likely due to ATP or other trains or bursts of
stimulation pulses being delivered by another implanted
device. Techniques that may be used by ICD 14 for detecting
ATP or other trains of stimulation pulses are generally
disclosed in the above-incorporated U.S. patent application
Ser. No. 14/686,947 (Reinke, et al., Atty. Docket No.
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C00006980.USU2). Spike detect signals that are determined
to be ATP or other stimulation pulse trains are not counted
by the lead issue spike detection counter.

[0117] If the event interval metric is greater than the TDI
(block 308) when the spike detect signal is received (and/or
is not identified as being part of a train of stimulation pulses
according to the techniques of the above incorporated *947
application), the current event interval ending with the spike
detect signal is compared to lead issue spike detection
criteria at block 312. In the example of FIG. 6, the lead issue
spike detection criteria require that the current event interval
is greater than a minimum lead issue event interval and less
than a maximum lead issue event interval. As described
above in conjunction with FIG. 5, the minimum lead issue
event interval may be an applied blanking period (upon the
preceding cardiac sensed event signal or spike detect signal,
whichever occurred most recently) plus an EMI exclusion
interval (N ms) to eliminate spikes in the cardiac electrical
signal that may be caused by EMI.

[0118] When another therapy delivery device is present in
the patient, the control module 80 may additionally compare
the event interval ending with the spike detect signal to a
maximum lead issue event interval at block 312. The maxi-
mum lead issue event interval is defined to avoid identifying
pacing spikes as lead issue spikes. A pacing pulse interval
(that is not an ATP interval) is not expected to be signifi-
cantly shorter than the event interval metric currently stored.
If pacing is occurring at a steady rate, the pacing pulse
interval is expected to be approximately equal to the event
interval metric. If the pacing rate is decreasing, and the spike
ending the current event interval is caused by a pacing pulse,
the current event interval will be longer than the currently
stored event interval metric. If the pacing rate is increasing,
e.g., based on a patient activity signal for providing rate
responsive pacing, the pacing pulse interval is expected to
decrease, possibly shorter than the event interval metric, but
only by a limited decrement since abrupt changes in pacing
rate are generally avoided.

[0119] Accordingly, a spike detection interval that is
approaching or greater than the event interval metric has a
high likelihood of being a pacing spike. The maximum lead
issue event interval may be set based on the currently stored
event interval metric to discriminate between lead issue
spikes and spikes that are more highly likely to be pacing
spikes. The maximum lead issue event interval may, in one
example, be set to the event interval metric less a pacing
exclusion interval (X ms). In one example, the pacing
exclusion interval is 40 to 100 ms but other intervals greater
than or less than this range may be selected based on the
expected pacing behavior of pacemaker 100. The pacing
exclusion interval may be set to be at least a maximum
expected one-step decrement used to adjust a pacing interval
by pacemaker 100.

[0120] To illustrate, if pacemaker 100 is a rate responsive
pacemaker, the rate response function may cause the pacing
interval to be decreased by a maximum decrement of 40 ms
from one paced beat to the next. In another example,
pacemaker 100 is configured to perform tests, such as a
pacing capture test that requires shortening a pacing interval
below an intrinsic heart rate interval. Pacemaker 100 may set
a test pacing interval to be no more than 40 ms less than the
currently sensed intrinsic heart rate intervals. As these
examples illustrate, knowing the expected pacing behavior
of pacemaker 100 when decreasing a pacing interval, the
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maximum lead issue event interval can be set based on a
predetermined number of preceding event intervals and an
expected maximum pacing interval decrement.

[0121] If pacemaker 100 is pacing at a regular pacing rate,
pacing pulses delivered by pacemaker 100 may be detected
as spikes by ICD 14. Event intervals that are S-S intervals
will occur at the regular pacing rate. As such, an event
interval ending with a spike detect signal, e.g., an S-S
interval, will not be less than the event interval metric
determined as the maximum event interval (in this case an
S-S interval occurring at the regular pacing rate) less the
pacing exclusion interval since the pacing rate is not
expected to suddenly decrease by more than the pacing
exclusion interval. The pacing exclusion interval criterion
avoids identifying spike detect signals as lead issue spikes
when pacemaker 100 is pacing the heart at a regular rate.
[0122] If pacemaker 100 is a rate responsive pacemaker
that shortens the pacing pulse interval to increase pacing rate
to meet a metabolic need of the patient, the pacemaker 100
may gradually shorten the pacing interval such that the S-S
event intervals gradually shorten. The pacing exclusion
interval, X ms, however is selected to be larger than the
amount the pacing interval would be shortened from one
beat to the next or within the predetermined number of event
intervals used to determine the event interval metric. The
pacing exclusion interval is set to exclude spike detect
signals that are likely to be pacing pulses delivered by
pacemaker 100 at a gradually increasing rate for rate respon-
sive pacing.

[0123] The requirement of the maximum lead issue event
interval reduces the likelihood of control module 80 iden-
tifying a pacing spike as a lead issue spike. A spike detect
signal ending an event interval that is greater than the
minimum lead issue event interval and less than the maxi-
mum lead issue event interval is identified as a lead issue
spike at block 314. In one example, a spike detect signal
ending an event interval that is greater than an applied
blanking period plus the EMI exclusion interval and less
than the event interval metric less the pacing exclusion
interval is detected as a lead issue spike.

[0124] If the comparisons of the event interval to the
minimum lead issue interval and the maximum lead issue
interval at block 312 are not satisfied, the spike detect signal
is not detected as a lead issue spike. The process returns to
block 322. If the frequency timer expires at block 322, e.g.,
while control module 80 is waiting for a spike detect signal
at block 306, after determining that the event interval metric
is greater than the TDI at block 308, or after determining that
the event interval does not meet the lead issue spike detec-
tion criteria at block 312, the current lead issue count may
be stored for the currently expired frequency time interval at
block 328. The count value is stored when it is used on
combination with one or more other lead issue counts
obtained during other frequency time intervals. The fre-
quency timer and lead issue counter are re-initialized at
block 301. If the frequency timer has not expired at block
322, the process returns to block 302 to wait for the next
event signal.

[0125] When a lead issue spike is detected at block 314
while the frequency timer is running, the lead issue counter
is incremented by one at block 316. As described above in
conjunction with FIG. 5, if the lead issue counter reaches a
storage value, the blanked and/or non-blanked cardiac elec-
trical signal may be stored at block 320. At block 321, lead
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issue detection criteria are applied to the lead issue count,
which may be compared directly to a lead issue detection
threshold and/or summed with one or more prior frequency
time interval counts as described above in conjunction with
FIG. 5. If the lead issue detection criteria are satisfied,
control module 80 detects a lead issue at block 324 and
generates an alert at block 326.

[0126] While the illustrative implementation of lead issue
detection criteria is described herein as using a frequency
timer and counter, it is recognized that other techniques may
be used for arriving at a lead issue detection based on a
required number and/or frequency of lead issue spike detec-
tions within one or more defined time intervals. When time
intervals are included in the lead issue detection criteria, the
time intervals may be relatively short time intervals (e.g.,
one or more cardiac cycles or one or more minutes),
relatively long time intervals (e.g., one or more hours, days
or weeks), and may include a required number of lead issue
spikes during a most recent time interval and/or historic time
intervals. FIG. 7 is a conceptual diagram 400 of event
signals produced by sensing channel 101 and associated
time intervals determined by control module 80 and used for
time interval-based discrimination of lead issue spikes
according to the method described above in conjunction
with FIG. 6. A sequence of R-wave sensed event signals are
received by control module 80 at consecutive event intervals
402, 404 and 406. In this example, the event interval metric
determined at block 304 of FIG. 6 is the maximum event
interval out of three preceding event intervals, e.g., intervals
402, 404, and 406 (excluding the current event interval 408
ending on the current event signal 420). Event interval 404
1s determined as the maximum event interval, i.e., the event
interval metric in this example, of these three consecutive
intervals 402, 404, 406.

[0127] The next event interval 408 ending in a spike detect
signal 420 is compared to the post-sense blanking period
410 applied by cardiac event detector 120 plus the EMI
exclusion interval 412. Since spike detect signal 420 occurs
within this minimum lead issue event interval set to the
blanking period 410 plus the EMI exclusion interval 412,
spike detect signal 420 is not identified as a lead issue spike
because it is within an EMI cycle length of the end of
blanking period 410.

[0128] The next event interval 414 ends in a spike detect
signal 422. The maximum event interval of the three pre-
ceding event intervals 404, 406 and 408 is still interval 404.
Control module 80 compares event interval 414 to the
minimum lead issue event interval that is now set to the
spike blanking period 416 applied by spike removal module
110 plus the EMI exclusion interval 412. Control module 80
also compares the event interval 414 to the maximum lead
issue event interval that is set to the maximum event interval
404 less the pacing exclusion interval 418. Since the spike
detect signal 422 occurs later than the blanking period 416
plus the EMI exclusion interval and earlier than the currently
stored maximum event interval 404 less the pacing exclu-
sion interval 418, spike detect signal 422 is identified as a
lead issue spike (LIS). The lead issue counter is incremented
in response to spike detect signal 422.

[0129] Event intervals 402, 404, 406, and 415 that end on
R-sense event signals are used in updating the event interval
metric but since these R-sense event signals are not spike
detect signals, criteria for identifying lead-issue spikes are
not applied to event intervals 402, 404, 406 and 415. The
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next event interval 424 that ends in a spike detect signal 426
is longer than maximum lead issue event interval set to the
updated maximum event interval 414 (maximum of the
preceding event intervals 408, 414, and 415) less the pacing
exclusion interval 418. Spike detect signal 426 may be a
pacing pulse delivered by pacemaker 100 and is not iden-
tified as a lead issue spike.

[0130] FIG. 8A s a recording of a cardiac electrical signal
502 and a spike detection marker channel 504. The cardiac
electrical signal 502 is received by an IMD via electrodes
carried by a lead coupled to the IMD. The IMD may
correspond to ICD 214 in FIG. 4 in which case the ICD 214
delivers the pacing pulses 510. The sensing channel 101 is
blanked during pacing pulse delivery so that the pacing
pulses 510 are not detected by spike detector 114. No other
therapy delivery device is present in the patient in this
example. ICD 214 may therefore be configured to perform
the method described above in conjunction with FI1G. 5 for
detecting a lead issue.

[0131] The two pacing pulses 510 are followed by an
episode of EMI 512. The spike detector 114 of ICD 214
produces a series of spike detect signals, which are denoted
on the spike detection marker channel 504 by S (spike) and
LIS (lead issue spike) based on whether the detected spike
is identified as a lead issue spike. In this example, the spike
blanking period expires and a spike detect signal immedi-
ately follows. Spike removal module 110 removes the
detected spike signal from the signal passed to cardiac event
detector 120 so no cardiac sense event signal is produced.
Upon expiration of the spike blanking period, another spike
is immediately detected within the cycle length of the EMI
after the blanking period expires, resulting in another spike
blanking period. A post-sense blanking period applied by the
cardiac event detector 120 may be set to 120 ms such that
upon expiration of each post-sense blanking period the EMI
causes an immediate cardiac sensed event signal just outside
the blanking period.

[0132] In the example of the ICD 214 delivering the
pacing pulses 510 with no other therapy delivery device
present in the patient, the control module 80 of ICD 214
identifies each spike detect signal (S) as a lead issue spike
(LIS) when the event interval ending with the spike detect
signal is greater than the minimum lead issue event interval
as described in conjunction with the flow chart of FIG. 5. In
this example, the minimum lead issue event interval may be
the applied blanking period, which is the spike blanking
period in this case, plus an EMI exclusion interval. Spike
detection markers labeled “S” occur at an event interval that
is less than an applied blanking period plus the EMI exclu-
sion interval and are not identified as lead issue spikes. The
signal spikes labeled “S” on spike detection marker channel
504 are not counted for detecting a lead issue but the
detection of the EMI spikes prevents false sensing of cardiac
events due to EMI 512 and an improper detection of VT. As
described in conjunction with FIG. 3, blanking control 112
may control spike removal module 110 to blank the spikes
detected during EMI 512 so that the EMI 512 is not sensed
by cardiac event detector 120.

[0133] FIG. 8B shows the same cardiac electrical signal
502 shown in FIG. 8A but in this case signal 502 is received
by ICD 14 via lead 16 (FIG. 1) and pacing pulses 510 are
delivered by another device, e.g., pacemaker 100. ICD 14
may be configured to perform the method described above
in conjunction with FIG. 6 for detecting lead issues when
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pacemaker 100 is present. In this case, the spike detector 114
of ICD 14 will detect the pacing pulses 510 as spikes as
shown on spike detection marker channel 504.

[0134] In this example, control module 80 is configured to
identify lead issue spikes using both EMI exclusion criteria
and pacing exclusion criteria, as described in conjunction
with FIG. 6. The pacing pulses 510 are detected as spikes
514 by spike detector 114 and are not identified as lead issue
spikes by ICD control module 80 because they occur at
event intervals that are longer than the maximum lead issue
event interval, e.g., the maximum event interval out of the
preceding n event intervals less the pacing exclusion inter-
val.

[0135] The next two spikes are identified as lead issue
spikes because they occur at event intervals longer than the
minimum lead issue event interval, e.g., longer than the
applied blanking period plus the EMI exclusion interval and
shorter than the currently stored maximum event interval
less the pacing exclusion interval. All subsequent spikes
shown, however, do meet the lead issue spike detection
criteria. The maximum event interval is less than a TDI
and/or the spike detect signal is within the applied blanking
period plus the EMI exclusion interval.

[0136] The last spike is detected as a lead issue spike in
FIG. 8A because it meets the EMI exclusion criteria and the
pacing exclusion criteria are not applied when another
therapy delivery device is not present in the patient. The last
detected spike 516 in FIG. 8B, however, is not detected as
a lead issue spike because it occurs at an event interval 518
that is longer than the maximum lead issue event interval. A
maximum event interval determined from three (or other
predetermined number) preceding event intervals is rela-
tively short due to the short S-S intervals associated with
EMI 512. If the maximum lead issue even interval is set
based on the currently stored maximum event interval less
the pacing exclusion interval, event interval 518 exceeds this
maximum. As such, spike 516 is not identified as a lead issue
spike.

[0137] The additional pacing exclusion criteria employed
by ICD 14 when pacemaker 100 is present may result in
occasional undersensing of lead issue spikes. As indicated
previously, however, the criteria for detecting a lead issue,
e.g., apredetermined frequency of lead issue spikes, may be
satisfied with an acceptable level of sensitivity even when
some lead issue spikes are not identified. In this way, over
detection of a lead issue is avoided when another therapy
delivery device is present.

[0138] FIG. 9Ais a cardiac electrical signal 602 received
by an IMD via electrodes carried by a medical electrical lead
coupled to the IMD and event signals 604 identifying
ventricular sensed events (R) and detected spikes, identified
as lead issue spikes and labeled “LIS” or not identified as
lead issue spikes and labeled “S.” In this example, the
cardiac electrical signal 602 includes R-waves 606 and noise
spikes 608 due to a lead issue, e.g. an insulation breach of
the lead body. The R-waves 606 are properly sensed by the
cardiac event detector 120 of sensing channel 101 (FIG. 3),
and R-sensed event signals are passed to the control module
80. Spike detector 114 detects spikes 608 caused by the lead
issue and passes spike detect signals to the control module
80.

[0139] In this example, the spike detect signals are ana-
lyzed by control module 80 by determining event intervals
as described in conjunction with the flow chart of FIG. 5.
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The IMD receiving the electrical signal 602 may be ICD 214
configured to deliver pacing therapy and detect a lead issue
using EMI exclusion criteria when no other therapy delivery
device is present, i.e., without requiring pacing exclusion
criteria. Each event interval ending with a spike detect signal
is compared to an applied blanking period plus an EMI
exclusion interval by control module 80. Fach detected
spike ending an event interval that is longer than the
minimum lead issue event interval is identified as a lead
issue spike and will advance the lead issue counter included
in control module 80 for detecting the lead issue. The
minimum lead issue event interval is set to the applied
post-sense blanking period plus the EMI exclusion interval,
e.g., 120 ms post-sense blanking plus 20 ms.

[0140] One spike detection marker labeled “S” occurs at
an event interval after the preceding sensed R-wave that is
within the EMI exclusion interval after the post-sense blank-
ing period. This spike may be an underdetected lead issue
spike, however, the majority of the lead issue spikes are
identified and will lead to a lead issue detection.

[0141] FIG. 9B shows the same cardiac electrical signal
602 including R-waves and signal spikes 608 caused by a
lead issue. In this example, the signal 602 is received by ICD
14 when another therapy delivery device, such as pacemaker
100, is present in the patient. The control module 80 applies
the EMI exclusion criteria and the pacing exclusion criteria
to the event signals 614 received from sensing channel 101
for identifying lead issue spikes. Fach spike detect signal
ending an event interval that is greater than the applied
blanking period plus the EMI exclusion interval and less
than a currently stored maximum event interval less a pacing
exclusion interval is identified as a lead issue spike.
[0142] In this example, the lead issue spikes 610 and 612
in FIG. 9A that occur at event intervals longer than the
minimum lead issue event interval are not identified as lead
issue spikes 610" and 612' in FIG. 9B. Spikes 610" and 612'
occur at an event interval longer than the currently stored
maximum event interval less the pacing exclusion that is
applied by control module 80 of ICD 14 when another
therapy delivery device is present. A spike occurring at an
event interval that approaches the maximum event interval
may be caused by a pacing pulse delivered by pacemaker
100.

[0143] FIG. 10 is a flow chart 700 of a method for
detecting a lead issue according to another example. Refer-
ring again to FIG. 3, sensing channel 101 may include spike
removal module 110 that is configured to hold a signal value
in response to a control signal from blanking control 112 to
remove a signal spike from the electrical signal received
from decimator 108. Since the most frequently expected
signal spikes are expected to be pacing pulses delivered by
pacemaker 100 when sensing channel 101 is implemented in
ICD 14 (FIG. 1), the spike removal module 110 is optimally
configured to remove a signal spike having the characteris-
tics and morphology of a signal spike caused by a pacing
pulse. Pacing pulses have a signal amplitude and signal
width within a known maximum amplitude and width range
and a known signal shape, typically biphasic pulses. As
such, spike removal module 110 is configured to effectively
remove a pacing pulse spike so that it is not detected as a
sensed event by cardiac event detector 120.

[0144] Since spike removal module 110 is designed to
remove or substantially diminish pacing pulse spikes, which
may occur on a very frequent basis, spike removal module
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110 may not be optimally configured to remove other types
of spikes, particularly lead issue spikes. For example, the
spike blanking period may be set to extend for a maximum
expected pacing spike width. A lead issue spike may have a
signal width that is wider (longer in duration) than a pacing
pulse and may therefore extend beyond the spike blanking
period. As such, the output of spike removal module 110
received by cardiac event detector 120 and ECG digital filter
122 may include at least a portion of a lead issue spike that
is not fully removed or blanked from the ECG signal and
does not remain below a cardiac event detection threshold.
Cardiac event detector 120 may produce a sensed event
signal immediately after the spike blanking period when a
portion of a lead issue spike signal remains in the cardiac
electrical signal received by cardiac event detector 120. A
cardiac sensed event signal within a short interval after the
spike blanking period applied by spike removal module 110
or closely coupled in time to the spike detect signal is
therefore evidence of a lead issue spike.

[0145] In the method of flow chart 700, control module 80
initializes a frequency timer and lead issue counter at block
701 as described previously herein. Upon receiving the next
event signal at block 702, control module 80 determines if
the event is a spike detect signal at block 704. If so, control
module 80 determines if a cardiac sensed event signal is
received within a lead issue coupling interval after the spike
detection signal at block 706. A lead issue coupling interval
may be set to the spike blanking period plus a nominal value,
e.g., +20 ms or +40 mf. A closely coupled cardiac sensed
event signal may be detected at block 706 when an S-R
event interval is less than the lead issue coupling interval.

[0146] If a closely coupled cardiac sensed event signal is
not received, the detected spike is not identified as a lead
issue spike. The spike may be identified as a pacing spike at
block 707 since the spike signal has been effectively
removed or blanked by spike removal module 110 and is not
detected by cardiac event detector 120. If the frequency
timer has not yet expired at block 730, the process returns to
block 702 to wait for the next event signal.

[0147] If a cardiac sensed event signal is received imme-
diately following and closely coupled to the spike detection
signal, the spike may be a lead issue spike that is still present
in the signal. The spike may be immediately identified as a
lead issue spike at block 712, and the lead issue counter may
be incremented at block 714. In this case, blocks 708 and
710 would not be present. In other examples, control module
80 may perform a morphology analysis in response to
receiving a cardiac sensed event signal closely coupled to a
preceding spike detect signal.

[0148] FIG. 11 is a conceptual diagram of a biphasic
pacing pulse 750 that may be delivered by pacemaker 100
and a lead issue noise spike 754 that may appear on a raw
cardiac electrical signal received by sensing channel 101. As
shown in FIG. 11, a pacing pulse is typically a biphasic pulse
750 that produces a biphasic spike signal 752 in the output
of the prefilter and preamplifier 102 of sensing channel 101.
A lead issue spike 754 is typically a monophasic, substan-
tially rectangular pulse, which may have a step change in
amplitude, and produces a monophasic spike signal 756 in
the output of prefilter and preamplifier 102.

[0149] A common lead issue spike 754 has a post-peak,
descending slope 762 that is distinctly less than the sharp
polarity change 760 of the biphasic pacing pulse 760. The
monophasic signal spike 756 due to a lead issue may be
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discriminated from a pacing spike signal 752 based on a
lower slope of the post-peak descending portion 766 com-
pared to the post-peak descending portion 764 of the pacing
spike signal 752. Other distinguishing morphology features
of a typical pacing spike 752 and a typical lead issue spike
756 in a blanked or non-blanked ECG/EGM signal provided
by sensing channel 101 may be characterized for establish-
ing and defining morphology-based lead issue spike detec-
tion criteria. The distinguishing morphology features and
therefore the established lead issue spike detection criteria
may vary between particular implementations of sensing
channel 101 depending on the particular filtering, amplifi-
cation and other signal processing properties of the particu-
lar sensing channel, electrode orientation and other factors.
[0150] Returning to flow chart 700, in examples that
include blocks 708 and 710 for performing event morphol-
ogy analysis in making a lead issue spike determination,
control module 80 may analyze the morphology of the spike
signal in the blanked ECG and/or non-blanked ECG that is
concurrent with the cardiac sensed event signal found to be
closely coupled to a preceding spike detect signal in order to
verify that the spike signal is a lead issue spike and not a
pacing spike. Control module 80 may determine one or more
morphology features at block 708 from the blanked ECG/
EGM signal received from digital filter 122 and/or from the
non-blanked ECG/EGM signal received from decimator
108. For example, control module 80 may determine if the
spike signal is a monophasic signal (or confirm that it is not
a biphasic signal) and/or determine if the descending slope
is greater than an established threshold. Additionally or
alternatively, control module 80 may determine one or more
peak amplitudes, signal widths, slopes, or other features for
determining whether the coupled spike detect and sensed
event signals are caused by a lead issue spike.

[0151] For example, at block 708, the maximum positive
peak amplitude and the maximum negative peak amplitude
may be determined and compared to lead issue morphology
criteria at block 710 that have been established to distinguish
a monophasic spike from a biphasic spike. In other
examples, the post-peak descending portion of the spike
signal may be determined and compared to established
criteria to distinguish between a pacing spike and a lead
issue spike.

[0152] If lead issue morphology criteria are not met at
block 710, the process returns to block 730. If the lead issue
morphology criteria are met at block 710, a lead issue spike
is detected at block 712. The lead issue counter is increased
at block 714. The lead issue counter is compared to multiple
storage values at block 716 for storing the cardiac electrical
signal including the spike signal at block 718 when one of
the storage values is met. The lead issue counter is compared
to lead issue detection criteria at block 720 to detect a lead
issue at block 724 when the current counter value reaches
the detection threshold or when a combination of the current
counter value and one or more previously stored lead issue
counts obtained during preceding frequency time intervals
meet the lead issue detection criteria. An alert is generated
at block 726 if a lead issue is detected.

[0153] If the lead issue detection criteria are not satisfied
and the frequency timer has not expired, as determined at
block 730, the process returns to block 702 to wait for the
next event. If the frequency timer has expired at block 730,
the value of the lead issue counter may be stored at block
732 if it is to be used in combination with later lead issue
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counts for determining if the lead issue detection criteria are
satisfied. Storing the count value may be optional in
examples that compare only a current lead issue count to
lead issue detection criteria, in which case block 732 may be
omitted. The frequency timer and the lead issue counter are
reset at block 701.

[0154] Either or both of the techniques of FIG. 10 for
comparing a lead issue coupling interval to an S-R event
interval and performing morphology analysis of a spike
signal for identifying a lead issue spike may performed
alone or in combination with any of the other techniques
disclosed herein for identifying lead issue spikes. For
example, a lead issue spike may be identified when the event
interval ending with the lead issue spike is longer than a
minimum lead issue event interval, shorter than a maximum
lead issue event interval, is not followed by a closely
coupled cardiac sensed event signal, and the spike signal
meets lead issue morphology criteria. One or any combina-
tion of these criteria may be applied in various examples.
[0155] FIG. 12 is a flow chart 800 of a method for
selecting a lead issue detection algorithm based on the
presence or absence of another functional therapy delivery
device in (or on) the patient. At block 802, control module
80 determines if a second implantable (or wearable) device
that is capable of delivering electrical stimulation therapy is
present in (or on) the patient. The control module 80 may
recognize the presence of another therapy delivery device
upon receipt of a communication signal by telemetry module
88, either from external device 40 or directly from the
therapy delivery device, such as pacemaker 100. In other
examples, control module 80 detects the presence of another
therapy delivery device automatically by detecting trains of
electrical stimulation pulses. Trains of electrical stimulation
pulses may be detected using the methods generally dis-
closed in the above-incorporated *947 patent application for
detecting pacing trains.

[0156] Control module 80 is configured to adjust the
criteria used to identify received spike detect signals as lead
issue spikes, and/or adjust lead issue detection criteria, based
on whether another therapy delivery device is determined to
be present. For example, if another therapy delivery device
is determined to be present and functional (e.g., has not
reached battery end of life or otherwise had therapy delivery
capabilities disabled), control module 80 enables a co-
implant lead issue detection algorithm and lead issue detec-
tion criteria at block 804, such as the method for detecting
a lead issue as shown by flow chart 300 of FIG. 6. The
co-implant lead issue detection criteria includes criteria for
rejecting spike detect signals caused by electrical stimula-
tion pulses delivered by the other therapy delivery device,
such as bradycardia pacing pulses or ATP pulses, as not
being lead issue spikes. For example, event intervals ending
with a spike detect signal may be required to be less than a
maximum lead issue event interval as described above in
conjunction with FIG. 6 in order for the spike detect signal
to be counted as a lead-issue spike. Other methods that may
be enabled in the co-implant lead issue detection algorithm
at block 804 are described below in conjunction with FIG.
13.

[0157] The lead issue detection algorithm and/or criteria
may be modified at block 804 based on the type of therapy
delivery device identified to be present at block 802 and/or
based on the therapy delivery control parameters pro-
grammed into the therapy delivery device. For example,
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maximum and/or minimum lead issue event intervals may
be adjusted based on expected maximum or minimum
intervals that might be used to deliver electrical stimulation
pulses by the therapy delivery device.

[0158] If another therapy delivery device is not deter-
mined to be present at block 802, the control module 80
enables a single implant lead issue detection algorithm and
associated lead issue detection criteria at block 806. For
example, the method shown by flow chart 260 of FIG. 5 may
be enabled at block 806. In this case, spikes detected by
spike detector 114 will not be pacing spikes or other elec-
trical stimulation spikes caused by therapy delivered by
another implanted device. Accordingly, lead issue detection
criteria may include criteria for rejecting other types of
noise, such as EMI, from being detected as lead issue spikes.
In some examples, a minimum lead issue event interval is
used to reject spike detect signals that occur at an event
interval less than the minimum lead issue event interval
since a spike occurring at a short event interval could be a
leading edge spike of an episode of EMI. Other techniques
for rejecting spike detect signals that may be a leading edge
spike of an episode of EMI that may be included in the single
implant lead issue detection algorithm are described below
in conjunction with FIG. 13.

[0159] Control module 80 may be configured to switch
back and forth between the co-implant and single implant
detection algorithms as needed in response to determining
whether another therapy delivery device is present in the
patient at block 802. For instance, if the co-implant algo-
rithm and detection criteria are enabled at block 804 and the
other therapy delivery device is explanted or reaches end-
of-life (and is no longer functional), the implanted ICD 14
(or 214) may determine that the other therapy delivery
device is no longer present or at least no longer actively
delivering therapy at block 802. This determination may be
made at block 802 by receiving a communication signal via
telemetry module 88 from external device 40 or by an
absence of pacing train detection using the methods dis-
closed in the *947 application for a predetermined period of
time, e.g., several days, weeks or months. In response to
determining that the other therapy delivery device is no
longer present, the control module 80 switches to the single
implant algorithm and detection criteria at block 806.

[0160] FIG. 13 is a flow chart 900 of a method for
identifying spike detect signals that are likely to be lead
issue spikes according to another example. At block 902,
control module 80 receives a spike detect signal from
sensing channel 101. At block 904, control module 80
determines whether the spike detect signal is identified as a
pacing spike that is part of a pacing train. Pacing train
detection may be performed according to the methods
generally disclosed in the above-incorporated 947 applica-
tion. Briefly, control module 80 may determine cycle lengths
between a predetermined number of consecutive spike
detect signals and estimate a pacing train cycle length. The
estimated pacing train cycle length is compared to one or
more cycle length thresholds that correspond to expected
pacing intervals used during bradycardia pacing and/or ATP
by the other therapy delivery device, e.g., pacemaker 100. A
first shortest cycle length threshold may be used to reject
EMI, e.g., 40 ms. A second cycle length threshold longer
than the first cycle length threshold may be a maximum
cycle length expected if the spike detect signals are ATP,
e.g., 330 ms. Other criteria may be used to detect a pacing
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train such as the regularity of the cycle lengths, consistency
of the detected spike amplitudes, consistency of the detected
spike slew rates, consistency of the detected spike polarities,
and/or a maximum duration of a pacing train that is ATP

[0161] A third threshold may be applied that is a minimum
expected bradycardia pacing interval. A predetermined num-
ber of spike detect signals, e.g., at least three spike detect
signals, occurring regularly at cycle lengths longer than the
third threshold may be identified as a bradycardia pacing
pulse train. These and other criteria that may be used in
detecting trains of pacing pulses that are likely to be ATP or
bradycardia pacing are described in the incorporated *947
patent application. If the spike detect signal received at
block 902, along with one or more preceding spike detect
signals meet criteria for detecting a pacing train at block
904, the spike detect signal is identified as a pacing spike at
block 910 and rejected as being a lead issue spike. The
pacing spike is not counted by the lead issue counter at block
916.

[0162] Ifa pacing train detection is made at block 904, the
preceding spike detect signals that satisfied the pacing cycle
length and any other criteria used to detect the pacing train
may have been counted previously by the lead issue counter,
prior to the pacing train detection criteria becoming satisfied
at block 904. In this case, the lead issue counter may be
adjusted at block 916 by decreasing the count for each
preceding spike detect signal that was counted as a lead issue
spike but is now identified as part of a pacing train. To
illustrate, if a pacing train detection is made at block 904 on
the third spike detect signal of an 8-pulse ATP sequence, the
two pulses preceding the third spike detect signal may have
been previously counted as lead issue spikes. The lead issue
counter may be decreased by two at block 916 and the
current, third spike detect signal is not counted. Each of the
subsequent five pulses will be identified as the pacing train
and will not be counted by lead issue counter at block 916.

[0163] If a pacing train is not detected at block 904, the
control module 80 may check the status of a quiet timer
included in spike detector 114 at block 906. If the quiet timer
is active, the spike detect signal is identified as a leading
edge spike of an episode of EMI at block 912 and is not
counted as a lead issue spike at block 916. The quiet timer
may be included in spike detector 114 to prevent spike
detector 114 from repeatedly producing spike detect signals
during an episode of EMI. For example, upon the onset of
EMI, a spike detect signal may be produced at the leading
edge of the EMI episode. The quiet timer may be enabled to
be active for a predetermined quiet time interval, e.g., at
least 10 ms or up to and including 40 ms, to prevent another
spike detect signal from being produced if another spike is
detected during the quiet time interval.

[0164] For example, if 16 Hz EMI is present in the
rectified cardiac electrical signal received by spike detector
114, a spike detect signal could be generated as often as
every 33 ms without the quiet timer. If 60 Hz EMI is present
in the rectified cardiac electrical signal, a spike detect signal
could be generated as often as every 8 ms. The quiet timer
may be activated by a spike detect signal to prevent another
spike detect signal from being produced when a spike is
detected within the quiet time interval. The quiet time
interval duration is selected to include the cycle time(s) of
EMI occurring at one or more frequencies. The quiet time
interval is 10 ms in one example to exclude 60 Hz EMI. The
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quiet time interval is 40 ms in another example to exclude
EMI occurring at 16 Hz or higher.

[0165] The quiet timer may be re-activated if the spike
detector 114 detects another spike during the first quiet time
interval. The quiet timer may continue to be re-activated to
remain active until the EMI disappears, e.g., no spike is
detected during a quiet time interval, or up to a maximum
quiet time duration. The quiet timer included in spike
detector 114 and its operation to prevent spike detector 114
from producing a series of spike detect signals during EMI
may correspond to the quiet timer described in the incorpo-
rated *947 patent application.

[0166] When a spike detect signal is received at block 902
and a pacing train detection is not being made at block 904,
the control module 80 may monitor the status of the quiet
timer at block 906. If the quiet timer is re-activated after the
first quiet time interval, due to another spike being detected
during the first quiet time interval (but no spike detect signal
produced), the spike detect signal received at block 902 is
likely to be a leading edge spike of an episode of EMI. The
spike detect signal is identified as an EMI spike at block 912
in response to the re-activating of the quiet timer for at least
one more quiet time intervals. The spike detect signal may
be rejected and not counted as a lead issue spike when the
quiet timer is re-activated a required number of times.
[0167] Identifying the received spike detect signal as a
lead issue spike may be withheld if the quiet timer is
re-activated for at least one quiet time interval at block 906
(after the first quiet time interval). Monitoring of the quiet
timer may continue until the quiet timer is not re-activated
or until a threshold number of quiet time intervals have
occurred. If the quiet timer remains active at block 906 for
a required number of quiet time intervals, control module 80
may reject the received spike detect signal as not being a
lead issue spike. The control module 80 may identify the
received spike detect signal as the leading edge of an episode
of EMI at block 912 if the quiet timer is re-activated for at
least two quiet time intervals, at least three quiet time
intervals or another threshold number of quiet time intervals.
The lead issue counter is not increased at block 916 when the
received spike detect signal is identified as an EMI spike.
[0168] If the quiet timer is not re-activated at least once
after the first quiet time interval at block 906, the spike
detect signal received at block 902 is detected as a lead issue
spike at block 908. As indicated above, in some examples,
the quiet timer may be re-activated up to a threshold number
of times, e.g., up to two times, up to three times, or another
predetermined threshold number of re-activations, and the
received spike detect signal may still be classified as a lead
issue spike. As long as the quiet timer does not remain active
at block 906 for more than the threshold number of quiet
time intervals, the received spike detect signal is identified
as a lead issue spike at block 908. The lead issue counter is
increased at block 914.

[0169] Lead issue detection criteria may be applied to the
lead issue count to detect a lead issue by control module 80
as generally described above in conjunction with FIGS. §
and 6. For example, control module 80 may compare the
lead counter value to a lead issue detection threshold for
detecting a lead issue. In other examples, the lead counter
and a frequency timer may be used to track the frequency of
lead issue spikes over one or more frequency time intervals
as described above in conjunction with FIGS. 5 and 6 for
applying lead issue detection criteria.
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[0170] All or a portion of the method shown by flow chart
900 may be enabled in the co-implant lead issue detection
algorithm at block 804 of FIG. 12. If control module 80
determines that another therapy delivery device is not pres-
ent or active in the patient, control module 80 may enable the
single implant lead issue detection algorithm and criteria at
block 806 of FIG. 12 by disabling the pacing train detection
block 904. If another therapy delivery device is not present,
the control module 80 may enable the single implant lead
issue detection algorithm to include monitoring of the quiet
timer as described in conjunction with block 906 for detect-
ing a received spike detect signal as a lead issue spike if the
quiet timer is not re-activated after the first quiet time
interval.

[0171] Any of these methods for rejecting spike detect
signals as being pacing train spikes or leading edge EMI
episode spikes described in relation to FIG. 13 may be used
in combination with or substituted for lead issue spike
detection criteria described above in conjunction with flow
chart 260 of FIG. 5 and/or flow chart 300 of FIG. 6. For
example, when a quiet timer is included in spike detector
114 and is configured to be re-activated when a spike is
detected during a quiet time interval, control module 80 may
monitor the quiet timer status after a spike detect signal is
received instead of or in addition to comparing the event
interval ending on the spike detect signal to a minimum lead
issue event time interval.

[0172] When control module 80 is configured to detect
trains of pacing pulses based on analysis of spike detect
signal cycle lengths, control module 80 may reject spike
detect signals identified as part of a detected pacing train in
addition to or instead of requiring the event interval ending
with the received spike detect signal to be less than a
maximum lead issue event interval in order to detect a lead
issue spike. In another modification, when control module
80 is configured to detect a pacing train that is likely to be
ATP based on an analysis of spike detect signal cycle
lengths, control module 80 may reject spike detect signals
identified as ATP in addition to or alternatively to comparing
the event interval metric to a TDI at block 308. These and
other modifications may be made to the flow charts pre-
sented herein by combining or substituting the various
methods disclosed for rejecting spike detect signals that are
likely to be EMI or pacing spikes to provide lead issue
detection with high sensitivity and specificity based on spike
detect signals received from sensing channel 101 and lead
issue detection criteria.

[0173] Thus, various examples of medical device appara-
tus and associated methods have been described for detect-
ing medical electrical lead issues using spike detect signals
received from a sensing channel of a medical device. One of
ordinary skill in the art will appreciate that various modifi-
cations may be made to the described embodiments without
departing from the scope of the following claims.

1. An implantable cardiac device comprising:

a sensing module electrically coupled to one or more
electrodes carried by a medical electrical lead coupled
to the implantable medical device, the sensing module
including:

a cardiac event detector configured to receive a cardiac
electrical signal sensed via at least one of the elec-
trodes carried by the medical electrical lead coupled
to the implantable medical device detect cardiac
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event signals, and produce a cardiac sensed event
signal for each of the detected cardiac event signals;
and

a spike detector configured to receive the cardiac
electrical signal, detect non-physiological spikes in
the cardiac electrical signal, and produce a spike
detect signal for each of the detected non-physiologi-
cal spikes; and

a control module electrically coupled to the sensing

module, the control module being configured to:

receive the cardiac sensed event signals and the spike
detect signals from the sensing module;

determine event intervals defined by consecutive ones
of the received cardiac sensed event signals and the
received spike detect signals;

identify one or more of the received spike detect signals
as lead issue spikes based on at least one of the
determined event intervals;

detect a lead issue of the medical electrical lead when
a threshold number of spike detect signals are iden-
tified as lead issue spikes; and

generate an alert in response to the lead issue being
detected.

2. The device of claim 1, wherein the control module is
further configured to establish a minimum lead issue event
interval; and

identify the received spike detect signal as a lead issue

spike when a determined event interval ending with the
received spike detect signal is longer than the mininum
lead issue event interval.

3. The device of claim 2, wherein:

the sensing module is configured to apply at least one of

a first blanking period upon detecting a cardiac event
by the cardiac event detector and a second blanking
period upon detecting a non-physiological spike by the
spike detector;

the control module is configured to establish the minimum

lead issue event interval as an applied one of the first
blanking period and the second blanking period plus an
interval greater than an electromagnetic interference
cycle length.

4. The device of claim 1, wherein the control module is
further configured to:

establish a maximum lead issue event interval;

determine an event interval ending with the received spike

detect signal,

compare the event interval ending with the received spike

detect signal to the maximum lead issue event interval,
and

identify the received spike detect signal as a lead issue

spike when the event interval ending with the received
spike detect signal is less than the maximum lead issue
event interval.

5. The device of claim 4, wherein the control module is
configured to establish the maximum lead issue event inter-
val by determining a minimum expected pacing interval at
which a pacing pulse is expected to be delivered by another
medical device.

6. The device of claim 4, wherein the control module is
configured to establish the maximum lead issue event inter-
val by:

determining an event interval metric from the determined

event intervals; and
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subtracting a maximum expected pacing cycle change

from the event interval metric.

7. The device of claim 1, wherein the control module is
further configured to

determine an event interval metric from the determined

event intervals; and

withhold identifying the received spike detect signal as a

lead issue spike when the event interval metric is less
than a tachycardia detection interval.

8. The device of claim 1, wherein the control module is
further configured to:

determine if an event interval starting with the received

spike detect signal and ending on a received cardiac
sensed event signal is less than a lead issue coupling
interval; and

identify the received spike detect signal as a lead issue

spike when the event interval ending on the received
cardiac sensed event signal is less than the lead issue
coupling time interval.

9. The device of claim 1, wherein the control module is
further configured to identify the received spike detect signal
as a lead issue spike by:

determining a morphology feature of a cardiac electrical

signal spike associated with the received spike detect
signal,

comparing the morphology feature to lead issue spike

detection criteria; and

identifying the received spike detect signal as a lead issue

spike when the lead issue spike detection criteria are
satisfied.

10. The device of claim 9, wherein the control module is
configured to determine the morphology feature by at least
one of determining a descending slope of the cardiac elec-
trical signal spike and determining whether the cardiac
electrical signal spike is monophasic.

11. The device of claim 1, wherein the control module is
configured to:

detect a train of pacing pulses in response to the deter-

mined event intervals; and

reject one or more of the received spike detect signals as

being a lead issue spikes in response to detecting the
train of pacing pulses.

12. The device of claim 1, wherein:

the sensing module further comprises a quiet timer, the

sensing module further configured to:

activate the quiet timer for a first quiet time interval in
response to producing the spike detect signal,

withhold producing a next spike detect signal during
the first quiet time interval;

re-activate the quiet timer for a second quiet time
interval in response to detecting a spike during the
first quiet time interval; and

the control module is configured to:

monitor the quiet timer in response to receiving the
spike detect signal, and

withhold identifying the received spike detect signal as
a lead issue spike when the quiet timer is re-activated
for at least the second quiet time interval.

13. The device of claim 1, wherein the control module is
further configured to:

determine whether a therapy delivery device that is con-

figured to deliver an electrical stimulation therapy is
present in the patient; and
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adjust the identifying of the one or more of the received
spike detect signals as lead issue spikes based on
whether the therapy delivery device is present.

14. The device of claim 1, wherein the medical electrical
lead comprises an extravascular implantable medical lead
carrying one or more extravascular electrodes that are not on
or within the heart of the patient, the device further com-
prising a therapy delivery module coupled to the control
module and configured to deliver electrical shocks to a
patient’s heart under the control of the control module via at
least a portion of the one or more extravascular electrodes
carried by the extravascular medical electrical lead.

15. A method of identifying a lead issue of a medical
electrical lead comprising:

receiving a cardiac electrical signal by a sensing module

of an implantable medical device via electrodes carried
by the medical electrical lead coupled to the implant-
able medical device,

detecting cardiac event signals by a cardiac event detector

of the sensing module;

producing a cardiac sensed event signal for each of the

detected cardiac event signals,

detecting non-physiological spikes in the cardiac electri-

cal signal by a spike detector of the sensing module;
producing a spike detect signal for each of the detected
non-physiological spikes;

receiving the cardiac sensed event signals and the spike

detect signals produced by the sensing module by a
control module of the implantable medical device;
determining event intervals defined by consecutive ones

of the received cardiac sensed event signals and the
received spike detect signals;

identifying one or more of the received spike detect

signals as lead issue spikes based on at least one of the
determined event intervals;

detecting a lead issue of the medical electrical lead when

a threshold number of the spike detect signals are

identified as lead issue spikes; and

generating an alert in response to detecting the lead
issue.

16. The method of claim 15, further comprising;

establishing a minimum lead issue event interval,

determining an event interval ending with the received
spike detect signal; and

identifying the received spike detect signal as the lead

issue spike when the event interval ending with the
received spike detect signal is longer than the minimum
lead issue event interval.
17. The method of claim 16, further comprising:
applying at least one of a first blanking period upon
detecting a cardiac event by the cardiac event detector
and a second blanking period upon detecting a non-
physiological spike by the spike detector; and

establishing the minimum lead issue event interval as an
applied one of the first blanking period and the second
blanking period plus an interval greater than an elec-
tromagnetic interference cycle length.

18. The method of claim 15, further comprising:

establishing a maximum lead issue event interval based

on the determined event intervals;

determining an event interval ending with the received

spike detect signal;



US 2017/0042482 Al

comparing the event interval ending with the received
spike detect signal to the maximum lead issue event
interval; and

identifying the received spike detect signal as a lead issue

spike when the event interval ending with the received
spike detect signal is less than the maximum lead issue
event interval.

19. The method of claim 18, wherein establishing the
maximum lead issue event interval comprises determining a
minimum expected pacing interval at which a pacing pulse
is expected to be delivered by another medical device.

20. The method of claim 18, wherein establishing the
maximum lead issue event interval comprises:

determining an event interval metric from the determined

event intervals; and

subtracting a maximum expected pacing cycle change

from the event interval metric.

21. The method of claim 15, further comprising:

determining an event interval metric from the determined

event intervals; and

withholding identifying the received spike detect signal as

a lead issue spike when the event interval metric is less
than a tachycardia detection interval.

22. The method of claim 15, further comprising:

determining if an event interval starting with the received

spike detect signal and ending on a received cardiac
sensed event signal is less than a lead issue coupling
interval; and

identify the received spike detect signal as a lead issue

spike when the event interval ending on the received
cardiac sensed event signal is less than the lead issue
coupling time interval.

23. The method of claim 15, wherein identifving the
received spike detect signal as a lead issue spike further
comprises:

determining a morphology feature of a cardiac electrical

signal spike associated with the received spike detect
signal;

comparing the morphology feature to lead issue spike

detection criteria; and

identifying the received spike detect signal as a lead issue

spike when the lead issue spike detection criteria are
satisfied.

24. The method of claim 23, wherein determining the
morphology feature comprises at least one of determining a
descending slope of the cardiac electrical signal spike and
determining whether the cardiac electrical signal spike is
monophasic.
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25. The method of claim 15, further comprising;

detecting a train of pacing pulses in response to the

determined event intervals; and

rejecting one or more of the received spike detect signals

as being a lead issue spike in response to detecting the
train of pacing pulses.

26. The method of claim 15, further comprising:

activating a quiet timer included in the sensing module for

a first quiet time interval in response to producing the
spike detect signal,

withholding producing a next spike detect signal during

the first quiet time interval;

re-activating the quiet timer for a second quiet time

interval in response to detecting a spike during the first
quiet time interval,

monitoring the quiet timer by the control module in

response to receiving the spike detect signal from the
sensing module, and

withholding identifying the received spike detect signal as

being a lead issue spike in response to the quiet timer
being re-activated for at least the second quiet time
interval.

27. The method of claim 15, further comprising:

determining whether a therapy delivery device that is

configured to deliver an electrical stimulation therapy is
present in the patient; and

adjusting the identifying of the one or more of the

received spike detect signals as lead issue spikes based
on whether the therapy delivery device is present.
28. A non-transitory computer readable storage medium
comprising instructions which when executed by a control
module of an implantable medical device cause the implant-
able medical device to:
determine event intervals defined by cardiac sensed event
signals and spike detect signals produced by a cardiac
event detector and a spike detector, respectively, of a
sensing module of the implantable medical device, the
sensing module configured to receive a cardiac electri-
cal signal via electrodes carried by a medical electrical
lead coupled to the implantable medical device;

identify one or more of the spike detect signals as lead
issue spikes based on at least one of the determined
event intervals;

detect a lead issue of the medical electrical lead when a

threshold number of the spike detect signals are iden-
tified as lead issue spikes; and

generate an alert in response to detecting the lead issue.
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