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System for use with an implantable medical device for detecting and discriminating stroke

and cardiac ischemia using electrocardiac signals and hemodynamic parameters

(57)  Techniques are provided for detecting and dis-
tinguishing stroke and cardiac ischemia within a patient
using an implantable medical device. In one example, a
preliminary indication of stroke is detected by a pace-
maker or similar implantable device based on an analysis
of features of an intracardiac electrogram (IEGM) sensed
by the device. Exemplary IEGM features indicative of
possible stroke include the onset of prominent U-waves,
the onset of notched T-waves, and changes in ST seg-
ment duration or QT duration. Upon detection of a pos-
sible stroke, the device then detects one or more hemo-
dynamic parameters that are typically affected by cardiac
ischemia. Such hemodynamic parameters can include,
e.g., cardiac contractility or stroke volume. The device
then distinguishes stroke and cardiac ischemia from one
another based on whether any changes detected in the
hemodynamic parameters are consistent with cardiac
ischemia. Implantable systems that exploit subcutane-
ous electrocardiograms (ECGs) rather than IEGMs are
also described.

4 OVERVIEW OF IEGM/HEMODYNAMIC )
PARAMETER-BASED STROKE/
ISCHEMIA DISCRIMINATION USING AN
IMPLANTABLE MEDICAL DEVICE

| 100

SENSE ELECTROCARDIAC
SIGNALS WITHIN A PATIENT
INDICATIVE OF A POSSIBLE

STROKE

!

DETECT HEMODYNAMIC
PARAMETERS WITHIN THE
PATIENT AFFECTED BY A

POSSIBLE CARDIAC ISCHEMIA

| 104

DISTINGUISH STROKE FROM
CARDIAC ISCHEMIA WITHIN THE
PATIENT BASED ON THE
ELECTROCARDIAC SIGNALS AND
THE HEMODYNAMIC PARAMETERS

1 106

GENERATE WARNING SIGNALS
INDICATIVE OF STROKE OR
CARDIAC ISCHEMIA, DELIVER
APPROPRIATE THERAPY, RECORD
DIAGNOSTICS

FIG. 2

Printed by Jouve, 75001 PARIS (FR)



1 EP 2 364 639 A1 2

Description
CROSS REFERENCE TO RELATED APPLICATIONS

[0001] This application is related to U.S. Patent Appli-
cation Serial No. 12/366,526, filed February 2, 2009, ti-
tled "Systems and Methods for Use with an Implantable
Medical Device for Detecting Stroke Based on Electro-
cardiac Signals" (Attorney Docket No. AO9P1005).

FIELD OF THE INVENTION

[0002] The invention generally relates to implantable
medical devices, such as pacemakers, implantable car-
dioverter/defibrillators (ICDs), cardiac resynchronization
therapy device/defibrillators (CRT-Ds) and subcutane-
ous monitors, and, in particular, to techniques for detect-
ing and distinguishing stroke and cardiac ischemia within
patients in which such devices are implanted.

BACKGROUND OF THE INVENTION

[0003] A stroke is a sudden loss of brain function
caused by a blockage of a blood vessel to the brain
(ischemic stroke) or a rupture of a blood vessel to the
brain (hemorrhagic stroke). Each year, more than
700,000 peopleinthe U.S. alone suffer anew or recurrent
stroke and the consequences can be devastating. Over
150,000 of these events end in death, and many of those
who survive are left seriously and permanently impaired.
During each minute of progression of a stroke, about two
million brain cells die. Approximately fourteen billion brain
cells die during the average ten-hour stroke. As such,
the time from onset of a stroke to its diagnosis and treat-
ment by medical personnel is critical.

[0004] Accordingly, it is highly desirable to provide
techniques for detecting the onset of a cerebral stroke
within a patient for promptly notifying family members,
caregivers or emergency personnel. It is particularly de-
sirable to detect stroke using an implantable medical de-
vice as many elderly patients prone to stroke already
have such devices implanted therein or are candidates
for such devices.

[0005] Usefultechniques for detecting stroke usingim-
plantable medical devices are described in U.S. Patent
Application No. 12/366,526, filed February 5, 2009, to
Park and entitled "Systems and Methods for use with an
Implantable Medical Device for Detecting Stroke Based
on Electrocardiac Signals," the disclosure of which is
hereby incorporated by reference. Briefly, techniques are
provided therein for detecting stroke within a patient
based on predetermined changes in an electrocardiac
signal, such as changes within an electrocardiogram
(ECG) sensed by a subcutaneous monitor or changes
within an intracardiac electrogram (IEGM) signals
sensed by a pacemaker or ICD. Exemplary features in-
dicative of possible stroke include the onset of prominent
U-waves, the onset of notched T-waves, and changes in
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ST segment duration or QT duration or dynamic trends
in these parameters. In one example, a preliminary de-
tection of stroke is performed by an implantable device
based on an analysis of features of the ECG or IEGM.
The device transmits a signal indicative of possible stroke
to a bedside monitor or other external system, which gen-
erates a stroke questionnaire for use in confirming the
stroke. Family members or other caregivers input an-
swers to the questionnaire into the external system,
which confirms or disconfirms the stroke. Emergency
personnel can be automatically notified.

[0006] It would be desirable to provide additional or
alternative techniques for detecting stroke using an im-
plantable medical device, particularly techniques where-
in the stroke can be confirmed based on additional sig-
nals detected within the patient, rather than based on a
questionnaire answered by family members or other car-
egivers. It is to this end that aspects of the present in-
vention are directed. It is also desirable to provide tech-
niques for distinguishing stroke from cardiac ischemia
from one another based on signals sensed using an im-
plantable medical device. In this regard, certain changes
in electrocardiac signals caused by stroke (such as
changes in ST segment duration and in QT duration ob-
served within ECGs or IEGMs) can also be caused by
cardiac ischemia and hence there is a need to reliably
distinguish stroke from cardiac ischemia when using
electrocardiac signals. (Note that cardiac ischemia is dis-
tinct from an ischemic stroke. Cardiac ischemia is an
ischemia occurring within the heart that affects heart
function. Ischemic stroke is an ischemia occurring within
the brain that affects brain function.

SUMMARY OF THE INVENTION

[0007] In an exemplary embodiment, a method is pro-
vided for use with an implantable medical device for im-
plant within a patient for distinguishing stroke from car-
diac ischemia. The device senses electrocardiac signals
within the patient, which are indicative of a possible
stroke. In some examples, the electrocardiac signals are
IEGM signals sensed via the leads of a pacemaker, ICD
or CRT-D. In other examples, the Electrocardiac signals
are ECG signals sensed via a subcutaneous monitor
such as a loop/recorder monitor. In either case, the de-
vice also detects hemodynamic parameters within the
patient that are affected by possible cardiac ischemia.
The hemodynamic parameters can include, e.g., cardiac
contractility values or stroke volume values detected us-
ing suitable hemodynamic sensors implanted on or within
the heart or thorax of the patient. The device then distin-
guishes stroke from cardiac ischemia within the patient
based onthe electrocardiac signals and the hemodynam-
ic signals. Herein, cardiac ischemia includes myocardial
infarction, which is a particularly severe form of cardiac
ischemia.

[0008] Inoneexample, IEGM signals sensed by a pac-
er/ICD are examined to detect a preliminary indication of
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stroke within the patient based on predetermined chang-
esinthe IEGM indicative of a possible stroke. Exemplary
changes within an IEGM indicative of stroke include the
onset of prominent U-waves, the onset of notched T-
waves, changes in ST segment duration, and changes
in QT duration and/or any dynamic changes (trends) in
time in any of these signals. Upon detection of the pre-
liminary indication of stroke, hemodynamic parameters
affected by a possible cardiac ischemia are then detect-
ed. For example, a stroke volume sensor or a cardiac
contractility sensor may be activated by the pacer/ICD.
Based on the hemodynamic parameters detected by the
sensors, the pacer/ICD then distinguishes stroke from
cardiac ischemia. In one particular example, the pac-
er/ICD examines the hemodynamic parameters to iden-
tify changes consistent with cardiac ischemia. If the he-
modynamic parameters exhibit changes consistent with
cardiac ischemia, then stroke is thereby disconfirmed
and an episode of cardiac ischemia is instead indicated.
Conversely, if the hemodynamic parameters do not ex-
hibit changes consistent with cardiac ischemia, then the
preliminary indication of stroke is confirmed. In this man-
ner, stroke is distinguished from cardiac ischemia.
[0009] Inone particular example, to determine whether
the hemodynamic parameters exhibit changes consist-
ent with cardiac ischemia, the pacer/ICD detects a par-
ticular hemodynamic parameter that can be affected by
cardiac ischemia, then compares the parameter against
a corresponding baseline parameter previously detected
within the patient during a time period without cardiac
ischemia. The hemodynamic parameter is deemed to be
consistent with cardiac ischemia if the detected param-
eter differs substantially from its baseline value. For ex-
ample, if cardiac contractility is found to have decreased
from a baseline contractility value, this change is deemed
to be consistent with cardiac ischemia and so the prelim-
inary indication of stroke is disconfirmed and ischemia is
instead indicated. In another example, if stroke volume
is found to have decreased from a baseline stroke vol-
ume, then the change is deemed to be consistent with
cardiac ischemia and so ischemia is likewise indicated.
If the hemodynamic parameters, however, have not
changed significantly from their baseline values, then the
preliminary indication of stroke is thereby confirmed.
[0010] Once stroke is distinguished from cardiac
ischemia, appropriate therapy may be delivered by the
pacer/ICD, depending up on the capabilities of the de-
vice. Warning signals may be generated. Diagnostic data
may be stored for subsequent clinician review. If used in
conjunction with a bedside monitor or other external mon-
itoring device, suitable warning signals can provided to
the family members or caregivers via the bedside mon-
itor. The warning signals indicated whether stroke or car-
diac ischemia has occurred. In some instances, particu-
larly if stroke is severe, emergency personnel can be
automatically notified via a suitable telephonic or com-
puter network communication system. The patient’s pri-
mary care physician can also be directly notified. In this
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manner, medical attention can promptly be provided to
reduce the risk of death or permanent impairment due to
the stroke.

[0011] There is also disclosed a method for use with
an implantable medical device for implant within a pa-
tient, said method comprising: sensing electrocardiac
signals within the patient indicative of a possible stroke;
detecting hemodynamic parameters within the patient af-
fected by a possible cardiac ischemia; and distinguishing
stroke from cardiac ischemia within the patient based on
the electrocardiac signals and the hemodynamic param-
eters.

[0012] The method may further comprise detecting a
preliminary indication of stroke within the patient based
on predetermined changes in the electrocardiac signals
indicative of possible stroke.

[0013] Detecting the preliminary indication of stroke
may comprise detecting one more of the onset of prom-
inent U-waves, the onset of notched T-waves, changes
in ST segment duration, and changes in QT duration.
[0014] Detecting the preliminary indication of stroke
may comprise detecting trends toward one more or more
of increasingly prominent U-waves, increasingly notched
T-waves, changing ST segment durations, and changing
QT durations.

[0015] Detecting hemodynamic parameters within the
patient may be performed upon detection of the prelim-
inary indication of stroke.

[0016] Distinguishing stroke from cardiac ischemia
may comprise: examining the hemodynamic parameters
for changes consistent with cardiac ischemia; generating
a signal indicative of stroke if the hemodynamic param-
eters are not consistent with cardiac ischemia; and gen-
erating a signal indicative of cardiac ischemia if the he-
modynamic parameters are indicative of cardiac
ischemia.

[0017] Examining the hemodynamic parameters for
changes consistent with cardiac ischemia may comprise:
comparing a selected hemodynamic parameter against
a corresponding baseline parameter previously detected
within the patient during a time period without cardiac
ischemia; and determining that the selected hemody-
namic parameter is consistent with cardiac ischemia if
the parameter differs substantially from its baseline val-
ue.

[0018] The selected hemodynamic parameter may
comprise one or more of a cardiac contractility parameter
and a stroke volume parameter.

[0019] Sensing the electrocardiac signals may com-
prise sensing signals representative of an intracardiac
electrogram (IEGM).

[0020] The implantable device may comprise an im-
plantable cardiac rhythm management device and sens-
ing the electrocardiac signals sensed may be performed
to sense signals representative of the IEGM using the
implantable cardiac rhythm management device.
[0021] Sensing the electrocardiac signals may com-
prise sensing signals representative of an electrocardi-
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ogram (ECG).

[0022] The implantable device may be a subcutane-
ously-implantable monitoring device and sensing the
electrocardiac signals may be performed to sense sig-
nals representative of the ECG using the subcutaneous-
ly-implantable monitoring device.

[0023] There is also disclosed a method for use with
an implantable medical device for implant within a pa-
tient, said method comprising: sensing electrocardiac
signals using the implantable device; detecting a prelim-
inary indication of stroke within the patient based on pre-
determined changes in the electrocardiac signals indic-
ative of possible stroke; if a preliminary indication of
stroke is detected, then sensing a hemodynamic param-
eter within the patient affected by cardiac ischemia and
examining the hemodynamic parameter for changes
consistent with cardiac ischemia; confirming the stroke
if changes in the hemodynamic parameter are not con-
sistent with cardiac ischemia; and disconfirming the
stroke if changes in the hemodynamic parameter are
consistent with cardiac ischemia.

[0024] The invention is set out in the claims.
[0025] Method and system examples are described in
detail below.

BRIEF DESCRIPTION OF THE DRAWINGS

[0026] The above and further features, advantages
and benefits of the invention will be apparent upon con-
sideration of the descriptions herein taken in conjunction
with the accompanying drawings, in which:

[0027] FIG. 1 illustrates pertinent components of a
pacer/ICD equipped with an IEGM/hemodynamic param-
eter-based monitoring system capable of detecting and
distinguishing stroke and cardiac ischemia;

[0028] FIG. 2 provides an overview of the method for
detecting and distinguishing stroke and cardiac ischemia
performed by the system of FIG. 1, or by other suitably
equipped implantable systems, which exploits changes/
trends in electrocardiac signals and in selected hemody-
namic parameters;

[0029] FIG. 3 illustrates an exemplary embodiment of
the general technique of FIG. 2 for use with a pacer/ICD,
wherein a preliminary detection of stroke made by the
pacer/ICD triggers detection of hemodynamic parame-
ters for discriminating stroke and cardiac ischemia;
[0030] FIG. 4 provides a more detailed illustration of
the technique of FIG. 3, particularly identifying IEGM pa-
rameters employed by the pacer/ICD to detect a prelim-
inary indication of stroke, as well as identifying the par-
ticular hemodynamic parameters then used to discrimi-
nate stroke and cardiac ischemia;

[0031] FIG. 5is asimplified, partly cutaway view of the
heart of a patient, illustrating the exemplary pacer/ICD
of FIG. 1, along with a set of leads implanted in the heart
of the patient;

[0032] FIG. 6 is a functional block diagram of the pac-
er/ICD of FIG. 5, illustrating basic device circuit elements
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that provide cardioversion, defibrillation and/or pacing
stimulation in four chambers of the heart, and particularly
illustrating components within the device for detecting
and discriminating stroke from cardiac ischemia based
on IEGM signals and hemodynamic parameters;
[0033] FIG. 7 illustrates pertinent components of a
subcutaneous implantable monitor equipped with an
ECG/hemodynamic parameter-based monitor system
capable of detecting and distinguishing stroke and car-
diac ischemia; and

[0034] FIG. 8 is a functional block diagram of the sub-
cutaneous implantable monitor of FIG. 7 for detecting
and distinguishing stroke and cardiac ischemia based on
ECG signals and hemodynamic parameters.

DETAILED DESCRIPTION OF THE PREFERRED EM-
BODIMENTS

[0035] The following description includes the best
mode presently contemplated for practicing the inven-
tion. This description is not to be taken in a limiting sense
but is made merely to describe general principles of the
invention. The scope of the invention should be ascer-
tained with reference to the issued claims. In the descrip-
tion of the invention that follows, like numerals or refer-
ence designators are used to refer to like parts or ele-
ments throughout.

Overview of IEGM-based Stroke/lschemia Discrimina-
tion System

[0036] FIG. 1 illustrates an implantable medical sys-
tem 8 having a pacer/ICD 10 equipped with an IEGM/
hemodynamic parameter-based stroke/ischemia moni-
tor for distinguishing stroke from cardiac ischemia within
the patient in which the system is implanted. Detection
and discrimination of stroke and cardiac ischemia is
achieved based on IEGM signals sensed via a set of
leads 12 and selected hemodynamic parameters sensed
via one or more hemodynamic sensors 14. Two leads --
LV and RV -- are shown in FIG. 1 (in stylized form) for
sensing the IEGM signals. A more complete set of leads
is illustrated in FIG. 5, described below. A single hemo-
dynamic sensor 14 is also shown in FIG. 1. Additional
hemodynamic sensors may be provided. Although the
exemplary hemodynamic sensor of FIG. 1 is shown
mounted to the RV lead, it should be understood that the
actual location of the sensor will depend upon the par-
ticular hemodynamic parameter or parameters to be de-
tected. As such, the location of the sensor of FIG. 1 is
merely exemplary. Note also that, in some cases, the
hemodynamic sensor will be a component of the pac-
er/ICD itself. This is particularly common for sensors con-
figured to sense hemodynamic parameters based on an
analysis of electrical signals detected using the leads 12.
For example, certain hemodynamic sensors are de-
signed to analyze impedance signals detected using the
leads. This will be discussed in greater detail below.
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[0037] Upon detection of stroke or cardiac ischemia,
warning signals may be transmitted to a bedside monitor
16 or other external system alerting family members or
caregivers of the condition. The bedside monitor can also
forward warning signals or other suitable information via
a centralized processing system 18 to the patient’s pri-
mary care physician or, in some implementations, directly
to emergency personnel. The centralized system may
include such systems as the HouseCall™ remote mon-
itoring system or the Merlin@home/Merlin.Net systems
of St. Jude Medical. Direct notification of emergency per-
sonnel might be particularly appropriate upon detection
of a stroke so as to ensure prompt medical attention.
[0038] Warnings pertinent to stroke/cardiac ischemia
may also be generated using a hand-held personal ad-
visory module (PAM), not separately shown, or using an
internal warning device provided within the pacer/ICD.
The internal warning device can be a vibrating device or
a "tickle" voltage device that, in either case, provides per-
ceptible stimulation to the patient to alert the patient. If a
PAM is employed, the PAM can provide audible or visual
alarm signals to alert the patient or caregiver, as well as
any appropriate textual or graphic displays. In addition,
diagnostic information pertaining to the stroke/cardiac
ischemia may be stored within the pacer/ICD for subse-
quent transmission to an external programmer (not
shown in FIG. 1) for review by a clinician during a follow-
up session between patient and clinician. The clinician
then prescribes appropriate therapies including medica-
tions. The clinician may also adjust the operation of the
pacer/ICD to activate, deactivate or otherwise controlany
therapies automatically provided by the device.

[0039] Also, in response to the detection of stroke or
cardiac ischemia, therapy can be delivered to the patient
by the implantable system. For example, the implantable
system can be equipped with a subcutaneous drug pump
20 orotherimplantable drug dispensation device capable
of the delivering medications directly to patient tissues.
Implantable drug pumps for use in dispensing medica-
tions are discussed in U.S. Patent 5,328,460 to Lord et
al., entitled "Implantable Medication Infusion Pump In-
cluding Self-Contained Acoustic Fault Detection Appa-
ratus." (This patent also discusses implantable "tickle"
warning devices that may be used to deliver warning sig-
nals.)

[0040] Additionally, the pacer/ICD performs a wide va-
riety of pacing and/or defibrillation functions, such as de-
livering routine pacing or generating and delivering
shocks in response to ventricular fibrillation (VF.) Also,
in some examples, the device is equipped to deliver CRT.
Briefly, CRT seeks to normalize asynchronous cardiac
electrical activation and resultant asynchronous contrac-
tions associated with congestive heart failure (CHF) by
delivering synchronized pacing stimulus to both ventri-
cles. The stimulus is synchronized so as to improve over-
all cardiac function. This may have the additional bene-
ficial effect of reducing the susceptibility to life-threaten-
ing tachyarrhythmias.
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[0041] FIG. 2 broadly summarizes the stroke/cardiac
ischemia detection and discrimination procedure imple-
ment by the pacer/ICD of FIG. 1 or other suitable
equipped implantable medical systems. Initially, at step
100, electrocardiac signals are sensed or detected within
a patient, which are indicative of a possible stroke within
the patient. Atstep 102, the device detects hemodynamic
parameters within the patient that are affected by a pos-
sible cardiac ischemia, such as stroke volume or cardiac
contractility. At step 104, the device distinguishes stroke
from cardiac ischemia within the patient based on the
electrocardiac signals and the hemodynamic parame-
ters. At step 106, the device generates warning signals
indicative of stroke or cardiac ischemia, delivers appro-
priate therapy, records diagnostics or performs other suit-
able functions. Alternatively, these steps may be per-
formed by other implantable medical systems, such as
a suitably-equipped subcutaneous loop recorder/monitor
(described below.)

[0042] Thus, FIGS. 1 and 2 provide a broad overview
of the systems and methods of the invention. Embodi-
ments may be implemented that do not necessarily per-
form all of the described functions. For example, embod-
iments may be implemented that provide, for example,
for detecting and distinguishing stroke and cardiac
ischemia and generating warnings but which do not au-
tomatically deliver therapy in response to the stroke or
cardiac ischemia. Drug pumps are not necessarily im-
planted. Bedside monitors or PAMs are not necessarily
used. Some implementations may employ some form of
external device for generating warning signals but no in-
ternal warning device. Other embodiments mightinclude
additional implanted devices or components, such as
neurostimulators for selectively stimulating portions of
the brain or nervous system. These are just a few exem-
plary embodiments. No attempt is made herein to de-
scribe all possible combinations of components that may
be provided in accordance with the general principles of
the invention.

[0043] Also, note that, the particular shapes, sizes and
locations of the implanted components shown in FIG. 1
are merely illustrative and may not necessarily corre-
spond to actual implant locations. Preferred implant lo-
cations for the leads are more precisely illustrated in FIG.
5.

Exemplary Stroke/Cardiac Ischemia Detection and Dis-
crimination Techniques

[0044] FIG. 3 illustrates a stroke/ischemia detection
and discrimination technique that exploits IEGM signals
detected by a pacer/ICD to provide a preliminary indica-
tion of stroke. The pacer/ICD further utilizes hemodynam-
ic parameters to confirm or disconfirm the stroke. Initially,
at step 200, an IEGM is sensed within the patient con-
tinuously and in real-time using the leads of the pac-
er/ICD, such as by employing bipolar sensing in the RV
and LV. At step 202, the device detects a preliminary
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indication of stroke within the patient based on predeter-
mined changes or trends in the IEGM that are indicative
of a possible stroke within the patient.

[0045] In this regard, whether ischemic or hemorrhag-
ic, cerebral strokes can produce changes in the IEGM of
a patient. These IEGM changes are likely due to extreme
sympathetic neural stimulation associated with stroke,
which in turn may be associated with raised intracranial
pressures (ICPs) arising due to the stroke. In this regard,
augmentation of intra-cardiac sympathetic nerve activity
seems to occur, producing cardiac myocyte damage and
depolarizing ionic shifts, resulting, e.g., in IEGM repolari-
zation changes. Nevertheless regardless of the physio-
logical mechanism by which the stroke causes changes
in the IEGM, these changes (or trends therein) are typi-
cally detectable within an IEGM so as to provide a pre-
liminary indication of stroke.

[0046] Exemplary morphological changes inthe IEGM
indicative of stroke include the onset of prominent U-
waves, the onset of notched T-waves, changes in ST
segment duration, and changes in QT duration within an
IEGM and/or any dynamic changes (trends) in time in
any of these signals. (These are just some examples. In
general, any of a variety of predetermined changes in
the IEGM and/or predetermined dynamic changes/
trends in time in parameters derived from the IEGM can
be exploited.) U-waves are thought to represent electrical
repolarization of the papillary muscles or Purkinje fibers.
U-waves are not always present in the IEGM but can
become prominent during a stroke. The T-wave of the
IEGM corresponds to a cardiac ventricular repolarization
event, i.e. it is an electrical signal produced during the
repolarization of the ventricular myocardium following a
ventricular contraction triggered by ventricular depolari-
zation. The T-wave follows a ventricular depolarization
event known as an R-wave or QRS-complex. T-waves
are usually smooth in shape, but stroke can cause notch-
es to appear within the T-waves. Herein, the ST segment
refers to the interval from the end of the QRS-complex
to the beginning of the subsequent T-wave. The QT in-
terval refers to the interval from the start of the QRS-
complex to the beginning of the T-wave. These and other
morphological features of the IEGM can be detected, for
example, using LV and RV IEGM signals sensed by pac-
er/ICD. Alternatively, similar features of an ECG can be
detected via subcutaneous (subQ) implantable medical
devices. See, FIGS. 7 and 8, described below.

[0047] As already explained, at least some IEGM
changes indicative of stroke might also be indicative of
a possible cardiac ischemia within the patient. In partic-
ular, changes in the ST segment duration and changes
in QT duration can be caused by cardiac ischemia, as
well as stroke. Accordingly, at step 204, if a preliminary
indication of stroke has been detected by the pacer/ICD,
then the pacer/ICD senses or detects at least one hemo-
dynamic parameter affected by cardiac ischemia (such
as cardiac contractility or stroke volume) and examines
the hemodynamic parameter for changes consistent with
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cardiac ischemia. Mechanical synchrony might also be
affected by cardiac ischemia.

[0048] If, atstep 206, the hemodynamic parameter has
not changed in a manner consistent with cardiac
ischemia, then stroke is confirmed. For example, stroke
volume and cardiac contractility both typically decrease
due to cardiac ischemia. If there is no significant change
in either, then the changes detected in the IEGM are
deemed to have been caused by a stroke and not by a
cardiac ischemia. In that case, at step 208, the pacer/ICD
delivers stroke therapy, generates stroke warnings
and/or records stroke diagnostics, depending upon de-
vice programming and on the particular capabilities of
the device. In one particular example, the bedside mon-
itor issues a loud alarm to notify family members or car-
egivers of the stroke. The warning signals can also be
relayed to the patient’s primary care physician or directly
to emergency personnel such as, e.g., by directly calling
911 or other suitable emergency telephone numbers. For
a severe stroke, direct notification of emergency person-
nel is preferred so as to achieve the quickest possible
response. As already noted, about two million brain cells
can die during each minute of progression of a stroke
and so prompt medical attention is crucial. (The severity
of the stroke may be evaluated, for example, based on
the relative amount of change in the aforementioned
IEGM parameters, with generally larger changes being
indicative of a more severe stroke.)

[0049] Insofar as therapy is concerned, a variety of re-
sponses might be triggered in response to stroke, de-
pending upon the capabilities of the implantable system.
For example, suitable neurostimulation might be deliv-
ered via the spinal cord, baro-receptors or sympathetic
nerves, again depending upon the capabilities of the de-
vice. Spinal cord stimulation via an implantable lead is
discussed, e.g., in U.S. Patent 7,099,718, to Thacker et
al. Baro-receptor stimulation to control blood pressure is
discussed in U.S. Patent No. 6,050,952 to Hakki et al.
Techniques for stimulating sympathetic nerves are dis-
cussed in U.S. Patent No. 6,937,896, to Kroll, entitled,
"Sympathetic Nerve Stimulator and/or Pacemaker."
[0050] As to possible medications, tPA tissue plas-
minogen activator or like compounds can be automati-
cally delivered to help restore blood flow to the brain im-
mediately following are stroke. (Note that tPA tissue plas-
minogen activator is a thrombolytic agent, i.e. a com-
pound for breaking down clots). After the stroke event
has ended, anticoagulants can be delivered to prevent
subsequent stokes, particularly in patients known to have
atrial fibrillation or a heart-valve disorder. Suitable ver-
sions of these or other compounds may be identified for
dispensing via an implantable drug dispensing unit, drug
infusion unit and/or drug pump under the control of the
pacer/ICD. Sege, e.g., U.S. Patent No. 7,235,530, to Blair
et al., entitled "Kallikrein Inhibitors and Anti-Thrombolytic
Agents and Uses Thereof," which discusses compounds
suitable for delivery via a medication infusion pump.
[0051] These and other responses to stroke are dis-
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cussedin, e.g., U.S. Patent Application 12/558,385, filed
September 11, 2009, by Bharmi et al., entitled, "System
and Method for use with an Implantable Medical Device
for Detecting Stroke based on Physiological and Electro-
cardiac Indices."

[0052] If the device is equipped with an alternative or
secondary stroke detection system, it might be desirable
in some implementations to confirm the detection of
stroke using the alternative system before therapy is de-
livered. See, for example, the stroke detection tech-
niques set forth in the application of Bharmi et al. A ques-
tionnaire, such as the type described in the above-cited
application by Park (Serial No. 12/366,526), might also
be employed before therapy is delivered, if a caregiver
or family member is available to answer the questions.
[0053] Conversely, if at step 210, the hemodynamic
parameter has changed in a manner that is consistent
with cardiac ischemia, then stroke is disconfirmed and
cardiac ischemia is instead indicated. For example, if
there is a significant reduction in either stroke volume or
cardiac contractility, then the changes detected in the
IEGM are deemed to have been caused by an episode
of cardiac ischemia, not an episode of stroke. Inthat case,
atstep 212, the pacer/ICD delivers cardiac ischemia ther-
apy, generates cardiac ischemia warnings and/or
records cardiac ischemia diagnostics, depending, again,
upon device programming and on the particular capabil-
ities of the device.

[0054] Adjustments to pacing therapy in response to
cardiac ischemia may involve, for example, reduction of
a base pacing rate so as to prevent a relatively high pro-
grammed base rate from exacerbating the ischemia. An-
ti-thrombolytics or other medications can be delivered
using an implanted drug pump, if one is provided. Routine
experimentation may be employed to identify medica-
tions for treatment of cardiac ischemia that are safe and
effective for use in connection with an implantable drug
pump. In some implementations, prior to delivering ther-
apy in response to cardiac ischemia, the pacer/ICD cor-
roborates the detection of ischemia using other cardiac
ischemia detection techniques. See, for example, the
techniques described in U.S. Patent No. 7,297,114, of
Gill et al., entitled "System and Method for Distinguishing
among Cardiac Ischemia, Hypoglycemia and Hypergly-
cemia using an Implantable Medical Device." See, also,
U.S. Patent Application Serial No. 12/016,166, filed Jan-
uary 17, 2008, of Boileau et al., entitled "Systems and
Methods for Distinguishing Cardiac Ischemia from Sys-
temic Influences on IEGM Morphology using an Implant-
able Medical Device." See also, U.S. Patent Application
Serial No. 11/394,724, of Ke et al., filed March 31, 2006,
entitled "Ischemia Detection using T-wave Amplitude,
QTmax and ST Segment Elevation and Pattern Classi-
fication Techniques."

[0055] FIG. 4 illustrates the technique of FIG. 3 in
greater detail. At step 300, the pacer/ICD monitors the
IEGM of the patient in which the device is implanted to
detect possible stroke within a patient based on the onset
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of (or trends in): prominent U-waves; notched T-waves;
ST segment duration; and QT duration. Otherwise con-
ventional morphological event detection techniques may
be used by the device to detect these features of the
IEGM and quantify their size and/or duration. For U-
waves, the device examines the portion of the IEGM
where U-waves are expected to be found and, if U-waves
are detected, the device then measures and quantifies
the size and duration of the U-wave. For T-waves, the
device examines the T-wave to detect any notches and,
if present, measures and quantifies the depth and dura-
tion of the notches. For ST segment duration and QT
duration, the device measures any changes in the dura-
tion of these intervals, either shortening or lengthening.
[0056] Once these or other IEGM features indicative
of a possible stroke have been detected, the implantable
device compares changes in the measured parameters
against pre-determined thresholds indicative of stroke.
Otherwise routine experimentation can be performed to
identify, for each parameter, one or more suitable thresh-
olds for use in detecting a preliminary indication of stroke.
The thresholds may then be adjusted in view of baseline
values obtained within the particular patient and updated
periodically. Then, if all (or some) of the parameters cross
their respective thresholds, a preliminary indication of
stroke is thereby generated. In some implementations,
only a single parameter needs to cross its threshold to
trigger a preliminary indication of stroke. In other imple-
mentations, to avoid "false positives," two or more fea-
tures are required to cross their respective features. Also,
at step 300, trends in any of these parameters can be
tracked and exploited. For example, the rate of change
of ST segment duration or QT duration can be exploited,
rather than merely their absolute values.

[0057] Assuming a possible stroke has been detected
then, at step 302, the device activates one or more he-
modynamic sensors within the patient such as a stroke
volume sensor, an impedance-based cardiac contractil-
ity sensor, a pressure sensor, a photoplethysmography
(PPG) sensor or other appropriate sensors such as heart
sound sensors, etc. (In many cases, the sensors will al-
ready be active, since the device may be programmed
to routinely detect and examine these hemodynamic pa-
rameters for reasons other than stroke detection.)
[0058] Stroke volume sensors are described in U.S.
Patent 6,961,615 to Kroll et al., entitled "System and
Method for Evaluating Risk of Mortality due to Congestive
Heart Failure using Physiologic Sensors." Impedance-
based techniques for detecting stroke volume are dis-
cussed in U.S. Patent No. 7,139,609 to Min et al., "Sys-
tem and Method for Monitoring Cardiac Function via Car-
diac Sounds using an Implantable Cardiac Stimulation
Device."

[0059] Techniques for detecting contractility are dis-
cussed in, e.g., U.S. Patent No. 6,788,970 to Park et al.
, entitled "System and Method for Treating Vasovagal
Syncope using Cardiac Pacing." As described therein,
an implanted device can determined a patient’s current
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contractility based on, for example, ventricular gradient,
impedance, heart sounds, pre-ejection period (PEP), etc.
For example, contractility may be measured using pres-
sure waves. See, e.g., U.S. Patent No. 6,208,900 to Eck-
er et al. and U.S. Patent No. 4,485,813 to Anderson et
al. Heart sound waves can also be used to determine
contractility and other related parameters (e.g., stroke
volume, blood pressure and dP/dt), as disclosed in U.S.
Patent No. 6,044,299 to Nilsson.

[0060] IEGM signals may also be a basis for determin-
ing contractility, e.g., using the IEGM to derive a "ven-
tricular gradient" and QT interval. "Ventricular gradient,”
also sometimes referred to as "paced depolarization in-
tegral," is the integral of the paced R-wave (or P-wave)
signal and is also believed to correlate to contraction
force. See, for example, U.S. Patent No. 4,759,366 to
Callaghan.

[0061] Also, the pre-ejection period (PEP) can be ex-
amined. PEP, as taught in U.S. Patent No. 4,719,921 to
Chirife, is the sensing of the elapsed time from the ven-
tricular depolarization corresponding to the QRS com-
plex and the onset of ventricular ejection, which can be
measured using the IEGM signal and a blood flow sensor,
impedance sensor, or a ventricular volume detector, etc.
[0062] Impedance measurements of blood in the heart
can also been employed to derive contractility of the my-
ocardium and stroke volume. See, U.S. Patent No.
4,884,576 to Altand U.S. Patent No. 4,535,774 to Olsen.
Also, the rate of change in impedance (dZ/dt) has been
shown to correspond to contractility. See, for example,
U.S. Patent No. 4,733,667 to Olive et al. and U.S. Patent
No. 5,800,467 to Park et al. Particularly effective "tri-pha-
sic" impedance pulses for use in detecting impedance
are discussed in U.S. Patent Application Serial No.
11/558,194, of Panescu et al., fled November 9, 2006,
entitled "Closed-Loop Adaptive Adjustment of Pacing
Therapy Based on Cardiogenic Impedance Signals De-
tected by an Implantable Medical Device." In some ex-
amples, surrogates for myocardial contractility are de-
rived from cardiac pressure signals or PPG signals. See,
for example, techniques described in U.S. Patent Appli-
cation No. 12/405,090, filed March 6, 2009 by Koh, en-
titled "System and Method for Controlling Rate-Adaptive
Pacing based on a Cardiac Force-Frequency Relation
detected by an Implantable Medical Device."

[0063] At step 304, the pacer/ICD then detects stroke
volume, cardiac contractility or other hemodynamic pa-
rameters affected by a possible cardiac ischemia using
signals received from the various sensors. At step 306,
the pacer/ICD inputs baseline values for the various he-
modynamic parameters that had been previously detect-
ed within the patient during sinus rhythm during a period
without stroke or cardiac ischemia and stored in memory.
In some examples, different baseline values can be de-
tected and stored under different patient conditions, such
as based on sinus rate, paced rate, activity state, circa-
dian state, etc. At step 308, the pacer/ICD then compares
the hemodynamic parameters to the corresponding
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baseline values to determine if the parameters have
changed in a manner consistent with cardiac ischemia.
For example, if stroke volume has decreased by at least
a predetermined percentage from its baseline value,
such as at least 50%, this is deemed to be consistent
with cardiac ischemia. As another example, if contractility
has decreased by at least a predetermined percentage
from its baseline value, such as at least 50%, this is like-
wise deemed to be consistent with cardiac ischemia.
These values are merely exemplary. Preferred or optimal
threshold values can be obtained by evaluating changes
in stroke volume/contractility during known episodes of
cardiac ischemia in patients.

[0064] If achange is detected in the hemodynamic pa-
rameters that is consistent with cardiac ischemia, then
at step 310, the pacer/ICD generates warning signals to
warn the patient, family or caregiver of the cardiac
ischemia; records diagnostics; and/or delivers cardiac
ischemia therapy, as already discussed. Conversely, if
the hemodynamic parameters have not changed in a
manner consistent with cardiac ischemia, then at step
312, the pacer/ICD generates warning signals to warn
the patient, family or caregiver of stroke; records diag-
nostics; and/or delivers stroke, as already discussed. De-
pending upon the implementation, warning signals can
be transmitted directly from the implanted device to the
bedside monitor or other external device. In other imple-
mentations, a telemetry wand or other portable relay de-
vice may be exploited to aid in routing signals from the
implanted device to the bedside monitor. Given that the
patient might be incapacitated by the stroke, relatively
long-range telemetry capability is preferred to ensure the
signals are received by the bedside monitor or other ex-
ternal stroke confirmation system.

[0065] The above-described techniques can be imple-
mented with a variety of implantable medical devices.
For the sake of completeness, a pacer/ICD implementa-
tion will now be described in detail.

Exemplary Pacemaker/ICD

[0066] With reference to FIGS. 5 and 6, a description
of an exemplary pacer/ICD will now be provided, which
is equipped to detect and distinguish stroke and cardiac
ischemia within the patient based on an analysis of the
IEGM of the patient in conjunction with hemodynamic
signals. FIG. 5 provides a simplified block diagram of the
pacer/ICD, which is a dual-chamber stimulation device
capable of treating both fast and slow arrhythmias with
stimulation therapy, including cardioversion, defibrilla-
tion, and pacing stimulation. To provide atrial chamber
pacing stimulation and sensing, pacer/ICD 410 is shown
in electrical communication with a heart 412 by way of a
left atrial lead 420 having an atrial tip electrode 422 and
an atrial ring electrode 423 implanted in the atrial ap-
pendage. Pacer/ICD 410 is also in electrical communi-
cation with the heart by way of a right ventricular lead
430 having, in this embodiment, a ventricular tip elec-
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trode 432, a right ventricular ring electrode 434, a right
ventricular (RV) coil electrode 436, and a superior vena
cava (SVC) coil electrode 438. Typically, the right ven-
tricular lead 430 is transvenously inserted into the heart
so as to place the RV coil electrode 436 in the right ven-
tricular apex, and the SVC coil electrode 438 in the su-
perior vena cava. Accordingly, the right ventricular lead
is capable of receiving cardiac signals, and delivering
stimulation in the form of pacing and shock therapy to
the right ventricle.

[0067] To sense left atrial and ventricular cardiac sig-
nals and to provide left chamber pacing therapy, pac-
er/ICD 410 is coupled to a CS lead 424 designed for
placementin the "CS region" via the CS os for positioning
a distal electrode adjacent to the left ventricle and/or ad-
ditional electrode(s) adjacent to the left atrium. As used
herein, the phrase "CS region" refers to the venous vas-
culature of the left ventricle, including any portion of the
CS, great cardiac vein, left marginal vein, left posterior
ventricular vein, middle cardiac vein, and/or small cardiac
vein or any other cardiac vein accessible by the CS. Ac-
cordingly, an exemplary CS lead 424 is designed to re-
ceive atrial and ventricular cardiac signals and to deliver
left ventricular pacing therapy using at least a left ven-
tricular tip electrode 426, left atrial pacing therapy using
at least a left atrial ring electrode 427, and shocking ther-
apy using at least a left atrial coil electrode 428. With this
configuration, biventricular pacing can be performed. Al-
though only three leads are shown in FIG. 5, it should
also be understood that additional stimulation leads (with
one or more pacing, sensing and/or shocking electrodes)
might be used in order to efficiently and effectively pro-
vide pacing stimulation to the left side of the heart or atrial
cardioversion and/or defibrillation.

[0068] A general physiological sensor 14 is shown
mountedtothe RV lead. This sensoris merely exemplary.
The actual location of the sensor will depend upon the
particular hemodynamic parameters to be detected and,
as such, the sensor might instead be mounted to the
LVICS lead near the LV or the LA, or near one of the
major arteries or veins, such as the aorta. As already
explained, in some cases, the hemodynamic sensor will
be acomponent of the pacer/ICD itself. This is particularly
common for sensors configured to sense hemodynamic
parameters based on an analysis of impedance signals.
[0069] A simplified block diagram of internal compo-
nents of pacer/ICD 410 is shown in FIG. 6. While a par-
ticular pacer/ICD is shown, this is for illustration purposes
only, and one of skill in the art could readily duplicate,
eliminate or disable the appropriate circuitry in any de-
sired combination to provide a device capable of treating
the appropriate chamber(s) with cardioversion, defibril-
lation and pacing stimulation as well as providing for the
aforementioned stroke/cardiac ischemia detection and
discrimination.

[0070] The housing or case of 440 for pacer/ICD 410,
shown schematically in FIG. 6, is often referred to as the
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mably selected to act as the return electrode for all "un-
ipolar" modes. The housing 440 may further be used as
a return electrode alone or in combination with one or
more of the coil electrodes, 428, 436 and 438, for shock-
ing purposes. The housing 440 further includes a con-
nector (not shown) having a plurality of terminals, 442,
443,444,446, 448, 452, 454, 456 and 458 (shown sche-
matically and, for convenience, the names of the elec-
trodes to which they are connected are shown next to
the terminals). As such, to achieve right atrial sensing
and pacing, the connector includes at least a right atrial
tip terminal (Ag TIP) 442 adapted for connection to the
atrial tip electrode 422 and a right atrial ring (Ag RING)
electrode 443 adapted for connection to right atrial ring
electrode 423. To achieve left chamber sensing, pacing
and shocking, the connector includes at least a left ven-
tricular tip terminal (V| TIP) 444, a left atrial ring terminal
(AL RING) 446, and a left atrial shocking terminal (A_
COIL) 448, which are adapted for connection to the left
ventricular ring electrode 426, the left atrial ring electrode
427, and the left atrial coil electrode 428, respectively.
To support right chamber sensing, pacing and shocking,
the connector further includes a right ventricular tip ter-
minal (Vg TIP) 452, a right ventricular ring terminal (Vg
RING) 454, a right ventricular shocking terminal (Vg
COIL) 456, and an SVC shocking terminal (SVC COIL)
458, which are adapted for connection to the right ven-
tricular tip electrode 432, right ventricular ring electrode
434, the V coil electrode 436, and the SVC coil electrode
438, respectively.

[0071] The hemodynamic sensor 14 is shown as in-
cluding or incorporating a stroke volume sensor 509, a
contractility sensor 511, a pressure sensor 513 and a
PPG sensor 515. As can be appreciated, more or fewer
sensors can be provided. The sensors can be physically
separate from one another. Also, additional terminals
may be provided for use with the various hemodynamic
sensors (which, for simplicity, are shown functionally con-
nected to the pacer/ICD via a dashed line.)

[0072] Anintegrated sensor providing a variety of sen-
sor functions is described in U.S. Patent Application
11/927,026, filed Oct. 29, 2007, by Nabutovsky et al. Sen-
sors exploiting micro-electro-mechanical system
(MEMS) technology is described in US. Patent Applica-
tion 11/856,443, by Zhao, filed Sept. 17, 2007, entitled
"MEMS-Based Left Atrial Pressure Sensor for use with
an Implantable Medical Device."

[0073] Atthe core of pacer/ICD 410is a programmable
microcontroller 460, which controls the various modes of
stimulation therapy. As is well known in the art, the mi-
crocontroller 460 (also referred to herein as a control unit)
typically includes a microprocessor, or equivalent control
circuitry, designed specifically for controlling the delivery
of stimulation therapy and may further include RAM or
ROM memory, logic and timing circuitry, state machine
circuitry, and 1/O circuitry. Typically, the microcontroller
460 includes the ability to process or monitor input signals
(data) as controlled by a program code stored in a des-
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ignated block of memory. The details of the design and
operation of the microcontroller 460 are not critical to the
invention. Rather, any suitable microcontroller 460 may
be used that carries out the functions described herein.
The use of microprocessor-based control circuits for per-
forming timing and data analysis functions are well known
in the art.

[0074] As shown in FIG. 6, an atrial pulse generator
470 and a ventricular pulse generator 472 generate pac-
ing stimulation pulses for delivery by the right atrial lead
420, the right ventricular lead 430, and/or the CS lead
424 via an electrode configuration switch 474. It is un-
derstood that in order to provide stimulation therapy in
each of the four chambers of the heart, the atrial and
ventricular pulse generators, 470 and 472, may include
dedicated, independent pulse generators, multiplexed
pulse generators or shared pulse generators. The pulse
generators, 470 and 472, are controlled by the microcon-
troller 460 via appropriate control signals, 476 and 478,
respectively, to trigger or inhibit the stimulation pulses.
[0075] The microcontroller 460 further includes timing
control circuitry (not separately shown) used to control
the timing of such stimulation pulses (e.g., pacing rate,
AV delay, atrial interconduction (inter-atrial) delay, or
ventricular interconduction (V-V) delay, etc.) as well as
to keep track of the timing of refractory periods, blanking
intervals, noise detection windows, evoked response
windows, alert intervals, marker channel timing, etc.,
which is well known in the art. Switch 474 includes a
plurality of switches for connecting the desired electrodes
tothe appropriate I/0 circuits, thereby providing complete
electrode programmability. Accordingly, the switch 474,
in response to a control signal 480 from the microcon-
troller 460, determines the polarity of the stimulation puls-
es (e.g., unipolar, bipolar, combipolar, etc.) by selectively
closing the appropriate combination of switches (not
shown) as is known in the art.

[0076] Atrial sensing circuits 482 and ventricular sens-
ing circuits 484 may also be selectively coupled to the
right atrial lead 420, CS lead 424, and the right ventricular
lead 430, through the switch 474 for detecting the pres-
ence of cardiac activity in each of the four chambers of
the heart. Accordingly, the atrial and ventricular sensing
circuits, 482 and 484, may include dedicated sense am-
plifiers, multiplexed amplifiers or shared amplifiers. The
switch 474 determines the "sensing polarity" of the car-
diac signal by selectively closing the appropriate switch-
es, as is also known in the art. In this way, the clinician
may program the sensing polarity independent of the
stimulation polarity. Each sensing circuit, 482 and 484,
preferably employs one or more low power, precision am-
plifiers with programmable gain and/or automatic gain
control and/or automatic sensitivity control, bandpass fil-
tering, and a threshold detection circuit, as known in the
art, to selectively sense the cardiac signal of interest. The
automatic gain/sensitivity control enables pacer/ICD 410
to deal effectively with the difficult problem of sensing the
low amplitude signal characteristics of atrial or ventricular
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fibrillation. The outputs of the atrial and ventricular sens-
ing circuits, 482 and 484, are connected to the microcon-
troller 460 which, in turn, are able to trigger or inhibit the
atrial and ventricular pulse generators, 470 and 472, re-
spectively, in a demand fashion in response to the ab-
sence or presence of cardiac activity in the appropriate
chambers of the heart.

[0077] For arrhythmia detection, pacer/ICD 410 utiliz-
es the atrial and ventricular sensing circuits, 482 and 484,
to sense cardiac signals to determine whether a rhythm
is physiologic or pathologic. As used herein "sensing" is
reserved for the noting of an electrical signal, and "de-
tection" is the processing of these sensed signals and
noting the presence of an arrhythmia. The timing intervals
between sensed events (e.g., P-waves, R-waves, and
depolarization signals associated with fibrillation which
are sometimes referred to as "F-waves" or "Fib-waves")
are then classified by the microcontroller 460 by compar-
ing them to a predefined rate zone limit (i.e., bradycardia,
normal, atrial tachycardia, atrial fibrillation, low rate VT,
high rate VT, and fibrillation rate zones) and various other
characteristics (e.g., sudden onset, stability, physiologic
sensors, and morphology, etc.) in order to determine the
type of remedial therapy thatis needed (e.g., bradycardia
pacing, antitachycardia pacing, cardioversion shocks or
defibrillation shocks).

[0078] Cardiac signals are also applied to the inputs
of an analog-to-digital (A/D) data acquisition system 490.
The data acquisition system 490 is configured to acquire
intracardiac electrogram signals, convert the raw analog
data into a digital signal, and store the digital signals for
later processing and/or telemetric transmission to an ex-
ternal device 502. The data acquisition system 490 is
coupled to the right atrial lead 420, the CS lead 424, and
the right ventricular lead 430 through the switch 474 to
sample cardiac signals across any pair of desired elec-
trodes. The microcontroller 460 is further coupled to a
memory 494 by a suitable data/address bus 496, wherein
the programmable operating parameters used by the mi-
crocontroller 460 are stored and modified, as required,
in order to customize the operation of pacer/ICD 410 to
suit the needs of a particular patient. Such operating pa-
rameters define, for example, pacing pulse amplitude or
magnitude, pulse duration, electrode polarity, rate, sen-
sitivity, automatic features, arrhythmia detection criteria,
and the amplitude, waveshape and vector of each shock-
ing pulse to be delivered to the patient’s heart within each
respective tier of therapy. Other pacing parameters in-
clude base rate, rest rate and circadian base rate.
[0079] Advantageously, the operating parameters of
the implantable pacer/ICD 410 may be non-invasively
programmed into the memory 494 through a telemetry
circuit 524 in telemetric communication with the external
device 502, such as a programmer, transtelephonic
transceiver or a diagnostic system analyzer. The telem-
etry circuit 524 is activated by the microcontroller by a
control signal 506. The telemetry circuit 524 advanta-
geously allows intracardiac electrograms and status in-
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formation relating to the operation of pacer/ICD 410 (as
contained in the microcontroller 460 or memory 494) to
be sent to the external device 502 through an established
communication link 504. The telemetry circuit also trans-
mits signals to bedside monitor 12, including the afore-
mentioned stroke indication signal.

[0080] Pacer/ICD 410 further includes an accelerom-
eter or other physiologic sensor 508, commonly referred
to as a "rate-responsive" sensor because it is typically
used to adjust pacing stimulation rate according to the
exercise state of the patient. However, the physiological
sensor 508 may further be used to detect changes in
cardiac output, changes in the physiological condition of
the heart, or diurnal changes in activity (e.g., detecting
sleep and wake states) and to detect arousal from sleep.
Accordingly, the microcontroller 460 responds by adjust-
ing the various pacing parameters (such as rate, AV de-
lay, V-V delay, etc.) at which the atrial and ventricular
pulse generators, 470 and 472, generate stimulation
pulses. While shown as being included within pacer/ICD
410, it is to be understood that the physiologic sensor
508 may also be external to pacer/ICD 410, yet still be
implanted within or carried by the patient. Acommon type
of rate responsive sensor is an activity sensor incorpo-
rating an accelerometer or a piezoelectric crystal, which
is mounted within the housing 440 of pacer/ICD 410. Oth-
er types of physiologic sensors are also known, for ex-
ample, sensors that sense the oxygen content of blood,
respiration rate and/or minute ventilation, pH of blood,
ventricular gradient, etc.

[0081] The pacer/ICD additionally includes a battery
526, which provides operating power to all of the circuits
shown in FIG. 6. The battery 526 may vary depending
on the capabilities of pacer/ICD 410. For pacer/ICD 410,
which employs shocking therapy, the battery 526 should
be capable of operating at low current drains for long
periods, and then be capable of providing high-current
pulses (for capacitor charging) when the patient requires
a shock pulse. The battery 526 must also have a predict-
able discharge characteristic so that elective replace-
ment time can be detected. Accordingly, pacer/ICD 410
is preferably capable of high voltage therapy and appro-
priate batteries.

[0082] As further shown in FIG. 6, pacer/ICD 410 is
shown as having an impedance measuring circuit 512
which is enabled by the microcontroller 460 via a control
signal 514. Uses for an impedance measuring circuit in-
clude, but are not limited to, detecting contractility as dis-
cussed above, as well as, lead impedance surveillance
during the acute and chronic phases for proper lead po-
sitioning or dislodgement; detecting operable electrodes
and automatically switching to an operable pair if dis-
lodgement occurs; measuring respiration or minute ven-
tilation; measuring thoracic impedance for determining
shock thresholds; detecting when the device has been
implanted; and detecting the opening of heart valves, etc.
The impedance measuring circuit 120 is advantageously
coupled to the switch 54 so that any desired electrode
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may be used.

[0083] In the case where pacer/ICD 410 is intended to
operate as an implantable cardioverter/defibrillator (ICD)
device, it detects the occurrence of an arrhythmia, and
automatically applies an appropriate electrical shock
therapy to the heart aimed at terminating the detected
arrhythmia. To this end, the microcontroller 460 further
controls a shocking circuit 516 by way of a control signal
518. The shocking circuit 516 generates shocking pulses
of low (up to 0.5 joules), moderate (0.5 - 10 joules) or
high energy (11 to 40 or more joules), as controlled by
the microcontroller 460. Such shocking pulses are ap-
plied to the heart of the patient through at least two shock-
ing electrodes, and as shown in this embodiment, select-
ed from the left atrial coil electrode 428, the RV coil elec-
trode 436, and/or the SVC coil electrode 438. The hous-
ing 440 may act as an active electrode in combination
with the RV electrode 436, or as part of a split electrical
vector using the SVC coil electrode 438 or the left atrial
coil electrode 428 (i.e., using the RV electrode as a com-
mon electrode). Cardioversion shocks are generally con-
sidered to be of low to moderate energy level (so as to
minimize pain felt by the patient), and/or synchronized
with an R-wave and/or pertaining to the treatment of tach-
ycardia. Defibrillation shocks are generally of moderate
to high energy level (i.e., corresponding to thresholds in
the range of 5-40 or more joules), delivered asynchro-
nously (since R-waves may be too disorganized), and
pertaining exclusively to the treatment of fibrillation. Ac-
cordingly, the microcontroller 460 is capable of control-
ling the synchronous or asynchronous delivery of the
shocking pulses.

[0084] Insofar as stroke detection is concerned, the
microcontroller includes a preliminary IEGM-based
stroke detection unit 501 operative to detect a preliminary
indication of stroke based on an analysis of the IEGM of
the patient, including T-waves, U-waves (if present), ST
segments, and QT segments. The microcontroller also
includes a hemodynamic parameter-based stroke/
ischemia discrimination system 503, which is operative
to distinguish stroke from cardiac ischemia within the pa-
tient based on the IEGM signals and one or more hemo-
dynamic parameters detected by the device, such as by
sensor 14. A therapy controller 505 controls therapy,
when appreciate, based on the detection of stroke, car-
diac ischemia or other medical conditions. As one exam-
ple, the pacing rate being applied to the heart may be
reduced in response to a stroke so as to reduce the risk
of exacerbating the stroke or by delivering appropriate
medications via drug pump 20. A warning/diagnostics
controller 507 controls the generation of warning signals
(via, e.g., a warning device 517) and the recording of
diagnostics (using memory 494.)

[0085] Depending upon the implementation, the vari-
ous components of the microcontroller may be imple-
mented as separate software modules or the modules
may be combined to permit a single module to perform
multiple functions. In addition, although shown as being
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components of the microcontroller, some or all of these
components may be implemented separately from the
microcontroller, using ASICs or the like.

[0086] In an alternative implementation, the implanta-
ble medical device includes or comprises a Confirm™
monitor provided by St. Jude Medical, modified for use
with at least one hemodynamic sensor capable of sens-
ing a hemodynamic parameter affected by cardiac
ischemia. This device is adapted for subcutaneous im-
plant, particularly within patients suspected of suffering
episodes of atrial fibrillation (AF.) The device is thus pref-
erably equipped to detect both AF (and other possible
arrhythmias) as well as possible stroke. AF increases the
risk of ischemic stroke due to thrombosis and so the in-
corporation of stroke monitoring with a subcutaneous AF
monitor is highly desirable. When implemented via a sub-
cutaneous device, the device senses ECG signals rather
than IEGM signals and detects the preliminary indication
of stroke based n the ECG signals. Note that the ECG
sensed by a subcutaneous device can differ somewhat
from that of an IEGM sensed via cardiac pacing/sensing
leads. Nevertheless, morphological features corre-
sponding to those of an IEGM can be identified within
the subcutaneously-sensed ECG.

Exemplary Subcutaneous Implantable Monitor with AF
and Stroke Detection

[0087] For the sake of completeness, internal compo-
nents of an exemplary implantable monitor for use as
stroke monitor 610 of FIG. 1 will now be summarized with
reference to FIGS. 7 and 8. This device is equipped to
monitor for AF as well as stroke/cardiac ischemia. Briefly,
FIG. 7 illustrates an implantable medical system having
asubcutaneously-implanted ECG/hemodynamic param-
eter-based stroke/ischemia monitor 610 for detecting
and distinguishing stroke and ischemia within the patient
based on an analysis of ECG signal and hemodynamic
signals sensor by a hemodynamic sensor 614. Depend-
ing upon the particular hemodynamic sensor to be de-
tected, the sensor might also be implanted subcutane-
ously or closerin proximity to the heart. A bedside monitor
12 or other external system may be used to receive warn-
ing signals/diagnostics from the implanted device.
[0088] Turning now to FIG. 8, pertinent components
of the subcutaneous monitor are shown. A housing 700
(shown schematically) of the monitor 610 includes a con-
nector having one or more ECG sensor terminals 702
adapted for connection to subcutaneous (SubQ) ECG
sensors mounted to (or connected to) the exterior hous-
ing of the device. The housing (often referred to as the
"can", "case" or "case electrode") can also act as the
return (common) electrode, or anode, for any sensing
electrodes implanted separately from the device. Only
one ECG sensing electrode terminal is shown, but addi-
tional terminals can be provided to accommodate addi-
tional sensing electrodes or sensing leads.

[0089] At the core of the monitor 610 is a programma-
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ble microcontroller 760, which controls AF detection and
stroke detection. The microcontroller 760 includes a mi-
croprocessor, or equivalent control circuitry, designed
specifically for detecting AF and/or stroke and may fur-
ther include RAM or ROM memory, logic and timing cir-
cuitry, state machine circuitry, and I/O circuitry. Typically,
the microcontroller 760 includes the ability to process or
monitor input signals (data) as controlled by a program
code stored in a designated block of memory. The details
of the design and operation of the microcontroller 760
are not critical to the invention. Rather, any suitable mi-
crocontroller 760 may be used that carries out the func-
tions described herein. The use of microprocessor-based
control circuits for performing timing and data analysis
functions is well known in the art.

[0090] A switch bank 774 includes a plurality of switch-
es for switchably connecting the ECG electrodes (as-
suming there is more than one) to the appropriate 1/0
circuits, thereby providing complete electrode program-
mability. A sense amplifier 782 is coupled to the ECG
electrodes through switch bank 774 for detecting electri-
cal cardiac activity. Sense amplifier 782 is capable of
sensing signals in accordance with otherwise conven-
tional techniques. The switch bank 774 determines the
"sensing polarity" of the cardiac signal by selectively clos-
ing the appropriate switches, as is also known in the art.
In this way, the clinician may program the sensing polar-
ity. Sense amplifier 782 preferably employs a low power,
precision amplifier with programmable gain and/or auto-
matic gain control and/or automatic sensitivity control,
bandpass filtering, and a threshold detection circuit,
known in the art, to selectively sense electrical signals
of interest. The automatic gain control, if implemented,
enables the monitor 610 to deal effectively with the diffi-
cult problem of sensing any low frequency, low amplitude
signal characteristics. The gain control is actuated by the
programmable microcontroller 760. The gains are con-
trolled on sense amplifier 782 by the microcontroller us-
ing control line 786. The outputs of the sense amplifier
are connected to microcontroller 760.

[0091] For AF detection, the invention utilizes the
sense amplifier to sense electrical signals to determine
whether a cardiac rhythm is physiologic or pathologic.
As used herein, "sensing" is reserved for the noting of
an electrical depolarization, and "detection" is the
processing of sequential sensed depolarization signals
potentially in conjunction with the sensor input to estab-
lish a diagnosis of an arrhythmia. The timing intervals
between sensed events (e.g., P-P intervals) are detected
by a timing control unit 779 of microcontroller 760 and
then classified by an ECG-based AF detection unit 728
by, for example, comparing the intervals to predefined
rate zone limits indicative of AF.

[0092] The microcontroller also includes a preliminary
ECG-based stroke detection unit 730, which performs
the above-described preliminary stroke detection based
on ECG morphological parameters (T-waves, U-waves,
etc), as detected by a morphology detector 722. A he-
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modynamic parameter-based stroke/ischemia discrimi-
nation system 732 is operative to distinguish stroke from
cardiac ischemia within the patient based on the IEGM
signals and one or more hemodynamic parameters de-
tected by the device, such as by sensor 614.

[0093] ECG signals and other sensed signals are also
applied to the inputs of an analog to digital (A/D) data
acquisition system 790. The gain of the A/D converter
790 is controlled by the microprocessor 760 by signals
along control line 792 in order to match the signal ampli-
tude and/or the resolution to a range appropriate for the
function of the A/D converter 790. The data acquisition
system 790 is configured to acquire ECG signals, convert
the raw analog data into a digital signal, and store the
digital signals for later processing and/or telemetric trans-
mission to bedside monitor 12. The data acquisition sys-
tem 790 is coupled to the ECG electrode 702 through
switch bank 774 to sample cardiac signals. The micro-
controller 760 is further coupled to a memory 794 by a
suitable data/address bus 796, wherein the programma-
ble operating parameters used by the microcontroller 760
are stored and modified, as required, in order to custom-
ize the operation of device 610 to suit the needs of a
particular patient. Such operating parameters define, for
example, the particular parameters to be used to detect
stroke or AF.

[0094] The operating parameters of the subcutaneous
device 610 may be non-invasively programmed into the
memory 794 through telemetry circuit 724 in telemetric
communication with bedside monitor 12 or other external
device, such as a programmer, transtelephonic trans-
ceiver, or a diagnostic system analyzer. The telemetry
circuit 724 is activated by the microcontroller 760 by a
control signal 706. The telemetry circuit 724 advanta-
geously allows SubQ ECG electrograms and status in-
formation relating to the operation of device 610 (as con-
tained in the microcontroller 760 or memory 794) to be
sent to bedside monitor 12 through an established com-
munication link 734, and then on to a centralized process-
ing system 14, where appropriate.

[0095] The implantable monitor additionally includes a
battery 726 that provides operating power to all of the
circuits shown in FIG. 8. The battery is capable of oper-
ating at low current drains for long periods of time for
monitoring. The battery 726 also should have a predict-
able discharge characteristic so that elective replace-
ment time can be detected.

[0096] The principles of the invention may be exploiting
using other implantable systems or in accordance with
other techniques. Thus, while the invention has been de-
scribed with reference to particular exemplary embodi-
ments, modifications can be made thereto without de-
parting from scope of the invention. Note also that the
term "including" as used herein is intended to be inclu-
sive, i.e. "including but not limited to."
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Claims

1. Asystem for use with an implantable medical device
for implant within a patient, said system comprising:

means for sensing Electrocardiac signals within
the patient indicative of a possible stroke;
means for sensing hemodynamic parameters
within the patient; and

means for distinguishing stroke from cardiac
ischemia based on the electrocardiac signals
and the hemodynamic parameters.

2. A system according to claim 1, wherein:

the means for sensing electrocardiac signals
comprises an electrocardiac signal sensor;

the means for sending hemodynamic parame-
ters comprises an hemodynamic parameter de-
tector; and

the means for distinguishing stroke from cardiac
ischemia comprises a stroke/cardiac ischemia
discrimination system.

3. The system of claim 2 wherein the electrocardiac
signal sensor is operative to detect one more of the
onset of prominent U-waves, the onset of notched
T-waves, changes in ST segment duration, and
changes in QT duration within electrocardiac sig-
nals.

4. The system of claim 2 wherein the hemodynamic
parameter detector is operative to detect one more
of cardiac contractility and stroke volume.

5. The system of claim 4 wherein the hemodynamic
parameter detector comprises one or more of a pres-
sure sensor, a cardiogenic impedance sensor and a
photoplethysmography (PPG) sensor.

6. The system of claim 2 wherein the stroke/cardiac
ischemia discrimination system is configured to:

detect a preliminary indication of stroke within
the patient based on predetermined changes in
the electrocardiac signals indicative of possible
stroke;

if a preliminary indication of stroke is detected,
then examine the hemodynamic parameter for
changes consistent with cardiac ischemia;
confirmthe stroke if changes inthe hemodynam-
ic parameter are not consistent with cardiac
ischemia; and

disconfirm the stroke if changes in the hemody-
namic parameter are consistent with cardiac
ischemia.

7. The system of claim 1 wherein the system is ar-
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11.
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14.
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ranged to detect a preliminary indication of stroke
within the patient based on predetermined changes
in the electrocardiac signals indicative of possible
stroke.

The system of claim 7 wherein detecting the prelim-
inary indication of stroke comprises detecting one
more of the onset of prominent U-waves, the onset
of notched T-waves, changes in ST segment dura-
tion, and changes in QT duration.

The system of claim 8 wherein detecting the prelim-
inary indication of stroke comprises detecting trends
toward one more or more of increasingly prominent
U-waves, increasingly notched T-waves, changing
ST segment durations, and changing QT durations.

The system of claim 7 wherein the means for sensing
hemodynamic parameters detects hemodynamic
parameters within the patient upon detection of the
preliminary indication of stroke.

The system of claim 10 wherein the means for dis-
tinguishing stroke from cardiac ischemia is arranged
to:

examine the hemodynamic parameters for
changes consistent with cardiac ischemia;
generate a signal indicative of stroke if the he-
modynamic parameters are not consistent with
cardiac ischemia; and

generate a signal indicative of cardiac ischemia
if the hemodynamic parameters are indicative
of cardiac ischemia.

The system of claim 11 wherein examining the he-
modynamic parameters for changes consistent with
cardiac ischemia comprises:

comparing a selected hemodynamic parameter
against a corresponding baseline parameter
previously detected within the patient during a
time period without cardiac ischemia; and
determining that the selected hemodynamic pa-
rameter is consistent with cardiacischemia if the
parameter differs substantially from its baseline
value.

The system of claim 12 wherein the selected hemo-
dynamic parameter comprises one or more of a car-
diac contractility parameter and a stroke volume pa-
rameter.

The system of claim 1 wherein the means for sensing
the electrocardiac signals is arranged to sense sig-
nals representative of an intracardiac electrogram
(IEGM).
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The system of claim 14 wherein the implantable de-
vice comprises an implantable cardiac rhythm man-
agement device and wherein the means for sensing
the electrocardiac signals sensed is arranged to
sense signals representative of the IEGM using the
implantable cardiac rhythm management device.

The system of claim 1 wherein the means for sensing
the electrocardiac signals is arranged to sense sig-
nals representative of an electrocardiogram (ECG).

The system of claim 16 wherein the implantable de-
vice is a subcutaneously-implantable monitoring de-
vice and wherein the means for sensing the electro-
cardiac signals is arranged to sense signals repre-
sentative of the ECG using the subcutaneously-im-
plantable monitoring device.

The system of claim 1, wherein:

the means for sensing electrocardiac signals
comprises an implantable device;

wherein the system is arranged to detect a pre-
liminary indication of stroke within the patient
based on predetermined changes in the electro-
cardiac signals indicative of possible stroke; if a
preliminary indication of stroke is detected, then
sense a hemodynamic parameter within the pa-
tient affected by cardiac ischemia and examin-
ing the hemodynamic parameter for changes
consistent with cardiac ischemia; confirm the
stroke if changes in the hemodynamic parame-
ter are not consistent with cardiac ischemia; and
disconfirm the stroke if changes in the hemody-
namic parameter are consistent with cardiac
ischemia.
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