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(7) ABSTRACT

A system to measure intracardiac impedance includes
implantable electrodes and a medical device. The electrodes
sense electrical signals of a heart of a subject. The medical
device includes a cardiac signal sensing circuit coupled to
the implantable electrodes, an impedance measurement cir-
cuit coupled to the same or different implantable electrodes,
and a controller circuit coupled to the cardiac signal sensing
circuit and the impedance measurement circuit. The cardiac
signal sensing circuit provides a sensed cardiac signal. The
impedance measurement circuit senses intracardiac imped-
ance between the electrodes to obtain an intracardiac imped-
ance signal. The controller circuit determines cardiac cycles
of the subject using the sensed cardiac signal, and detects
tachyarrhythmia using cardiac-cycle to cardiac-cycle
changes in a plurality of intracardiac impedance parameters
obtained from the intracardiac impedance signal.
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INTRACARDIAC IMPEDANCE AND ITS
APPLICATIONS

CLAIM OF PRIORITY

[0001] This application is a continuation of U.S. patent
application Ser. No. 11/208,922 filed Aug. 22, 2005, which
is incorporated herein by reference in its entirety.

TECHNICAL FIELD

[0002] The field generally relates to implantable medical
devices and, in particular, but not by way of limitation, to
systems and methods for detecting events related to cardiac
activity.

BACKGROUND

[0003] Implantable medical devices (IMDs) are devices
designed to be implanted into a patient. Some examples of
these devices include cardiac function management (CFM)
devices. CFMs include implantable pacemakers, implant-
able cardioverter defibrillators (ICDs), and devices that
include a combination of pacing and defibrillation including
cardiac resynchronization therapy. The devices are typically
used to treat patients using electrical therapy and to aid a
physician or caregiver in patient diagnosis through internal
monitoring of a patient’s condition. The devices may include
electrical leads in communication with sense amplifiers to
monitor electrical heart activity within a patient, and often
include sensors to monitor other internal patient parameters.
Other examples of implantable medical devices include
implantable insulin pumps or devices implanted to admin-
ister drugs to a patient.

[0004] Additionally, some IMDs detect events by moni-
toring electrical heart activity signals. In CFM devices, these
events include heart chamber expansions or contractions. By
monitoring cardiac signals indicative of expansions or con-
tractions, IMDs are able to detect abnormally slow heart
rate, or bradycardia. Additionally, the IMDs are able to
detect abnormally rapid heart rate, or tachyarrhythmia.
Although detecting an occurrence of tachyarrhythmia is
important, it is more helpful if additional physiologic infor-
mation is known about the arrhythmia, such as if the
arrhythmia is hemodynamically stable or unstable. The
IMDs are further able to detect differences in time between
contractions of the left and right ventricles and to provide
pacing therapy to resynchronize contractions of the left and
right ventricles. However, proper resynchronization does not
necessarily involve merely pacing the left and right ven-
tricles simultaneously. Instead, there is a need to pace in a
manner that improves the efficacy of the contractions. The
present inventors have recognized a need for improved
sensing of events related to cardiac activity.

SUMMARY

[0005] This document discusses, among other things, sys-
tems and methods for detecting events related to cardiac
activity using measurements of intracardiac impedance. A
system embodiment includes implantable electrodes and a
medical device. The electrodes sense electrical signals of a
heart of a subject. The medical device includes a cardiac
signal sensing circuit coupled to the implantable electrodes,
an impedance measurement circuit coupled to the same or
different implantable electrodes, and a controller circuit
coupled to the cardiac signal sensing circuit and the imped-
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ance measurement circuit. The cardiac signal sensing circuit
provides a sensed cardiac signal. The impedance measure-
ment circuit senses intracardiac impedance between the
electrodes to obtain an intracardiac impedance signal. The
controller circuit determines cardiac cycles of the subject
using the sensed cardiac signal, and detects tachyarrhythmia
using cardiac-cycle to cardiac-cycle changes in a plurality of
intracardiac impedance parameters obtained from the intrac-
ardiac impedance signal.

[0006] A method embodiment includes sensing cardiac
cycles of a patient, sensing intracardiac impedance to obtain
an intracardiac impedance waveform, measuring a plurality
of intracardiac impedance parameters from the waveform in
correspondence with the cardiac cycles, and detecting tach-
yarrhythmia using at least one change in the plurality of
intracardiac impedance parameters. The changes in the
parameters are measured between multiple cardiac cycles.

[0007] This summary is intended to provide an overview
of the subject matter of the present patent application. It is
not intended to provide an exclusive or exhaustive expla-
nation of the invention. The detailed description is included
to provide further information about the subject matter of the
present patent application.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] FIG. 1 illustrates an embodiment of portions of a
system that uses an implantable medical device (IMD).
[0009] FIGS. 2A-B illustrate examples of an IMD coupled
by one or more leads to a heart.

[0010] FIG. 3 illustrates another example of a system that
uses an IMD.
[0011] FIG. 4 shows a block diagram of an example of a

system to monitor intracardiac impedance.

[0012] FIG. 5A illustrates graphs that include a measured
cardiac signal waveform and a measured intracardiac imped-
ance signal waveform.

[0013] FIG. 5B shows a set of graphs of measured intrac-
ardiac impedance waveforms.

[0014] FIG. 6 is an illustration of portions of another
example of a system to monitor intracardiac impedance.
[0015] FIG. 7 shows a block diagram of an example of a
method for detecting cardiac events using measurements of
intracardiac impedance.

[0016] FIG. 8 shows another block diagram of an example
of a method for detecting cardiac events using intracardiac
impedance measurements.

[0017] FIG. 9 shows another block diagram of an example
of a method for detecting cardiac events using intracardiac
impedance measurements.

DETAILED DESCRIPTION

[0018] In the following detailed description, reference is
made to the accompanying drawings which form a part
hereof, and specific embodiments in which the invention
may be practiced are shown by way of illustration. It is to be
understood that other embodiments may be used and struc-
tural or logical changes may be made without departing
from the scope of the present invention.

[0019] This document discusses systems and methods for
improved detection of cardiac events using measurements of
intracardiac impedance, i.e., impedance measured within the
heart. Monitoring intracardiac impedance provides physi-
ologic information related to cardiac performance. For
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example, the volume of blood, V, in a heart chamber such as
the left ventricle is linearly related to the inverse of the
measured impedance of the heart chamber Z by the formula:

pl* M

where p is blood resistivity and L is the distance between
impedance measuring electrodes. Volume varies inversely
with impedance because electrolytes in the blood increase
electrical conductivity. Thus, more blood results in lower
measured impedance. Intracardiac impedance can also be
used to monitor blood flow through the heart. The physi-
ologic information obtained through monitoring intracardiac
impedance can provide information related to the severity of
an episode of tachycardia, a measure of hemodynamic
response to heart failure therapy, and other changes to the
hemodynamic system of a patient.

[0020] The intracardiac impedance is measured using a
medical device. The impedance is measured between
implantable electrodes placed in or near the heart chamber
of interest. FIG. 1 illustrates an embodiment of portions of
a system 100 that uses an implantable medical device (IMD)
110. As one example, the system 100 shown is used to treat
a cardiac arrhythmia. The IMD 110 includes an electronics
unit coupled by a cardiac lead 108, or additional leads, to a
heart 105 of a patient 102. Examples of IMD 110 include,
without limitation, a pacer, a defibrillator, a cardiac resyn-
chronmization therapy (CRT) device, or a combination of such
devices. Other examples include drug therapy devices such
as drug pumps, neural stimulation devices, and ventricular
assist devices. System 100 also typically includes an IMD
programmer or other external device 170 that communicates
wireless signals 160 with the IMD 110, such as by using
radio frequency (RF) or other telemetry signals.

[0021] Cardiac lead 108 includes a proximal end that is
coupled to IMD 110 and a distal end that is coupled by an
electrode or electrodes to one or more portions of a heart
105. The electrodes typically deliver cardioversion, defibril-
lation, pacing, or resynchronization therapy, or combina-
tions thereof to at least one chamber of the heart 105. The
electronics unit of the IMD 110 typically includes compo-
nents that are enclosed in a hermetically-sealed canister or
“can.” Other electrodes may be located on the can, or on an
insulating header extending from the can, or on other
portions of IMD 110, such as for providing pacing energy,
defibrillation energy, or both, in conjunction with the elec-
trodes disposed in, near, or around a heart 105. The lead 108
or leads and electrodes may also typically be used for
sensing electrical activity of the heart 105.

[0022] FIG. 2A illustrates an example of an IMD 110
coupled by one or more leads 108A-B to heart 105. Heart
105 includes a right atrium 2004, a left atrium 200B, a right
ventricle 205A, a left ventricle 205B, and a coronary vein
220 extending from right atrium 200A. In the example, atrial
lead 108A includes electrodes (electrical contacts, such as
ring electrode 225 and tip electrode 230) disposed in,
around, or near an atrium 200A of heart 105 for sensing
signals, or delivering pacing therapy, or both, to the atrium
200A. Lead 108A optionally also includes additional elec-
trodes, such as for delivering atrial cardioversion, atrial
defibrillation, ventricular cardioversion, ventricular defibril-
lation, or combinations thereof to heart 105. Lead 108A
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optionally further includes additional electrodes for deliv-
ering pacing or resynchronization therapy to the heart 105.
[0023] Ventricular lead 108B includes one or more elec-
trodes, such as tip electrode 235 and ring electrode 240, for
delivering sensing signals, for delivering pacing therapy, or
for both sensing signals and delivering pacing therapy. Lead
108B optionally also includes additional electrodes, such as
for delivering atrial cardioversion, atrial defibrillation, ven-
tricular cardioversion, ventricular defibrillation, or combi-
nations thereof to heart 105. Such electrodes typically have
larger surface areas than pacing electrodes in order to handle
the larger energies involved in defibrillation. For example,
FIG. 2B shows a system 270 with lead 108B further includ-
ing a first defibrillation coil electrode 275 located proximal
to tip and ring electrodes 235, 240 for placement in a right
ventricle, and a second defibrillation coil electrode 280
located proximal to the first defibrillation coil 275, tip
electrode 235, and ring electrode 240 for placement in the
superior vena cava. Other examples of leads 108A-B option-
ally further include additional electrodes for delivering
pacing or resynchronization therapy to the heart 105.
[0024] Other forms of electrodes include meshes and
patches which may be applied to portions of heart 105 or
which may be implanted in other areas of the body to help
“steer” electrical currents produced by IMD 110. In one
embodiment, one of atrial lead 108A or ventricular lead
108B is omitted, i.e., a “single chamber” device is provided,
rather than the dual chamber device illustrated in FIG. 2A.
In another embodiment, additional leads are provided for
coupling the IMD 110 to other heart chambers and/or other
locations in the same heart chamber as one or more of leads
108A-B. The present methods and systems will work in a
variety of configurations and with a variety of electrical
contacts or “electrodes.” FIG. 3 illustrates another example
of a system 300 using an IMD 110. The system 300 includes
a third cardiac lead 108C attached to the IMD 110 through
the header 255. The third lead 108C includes ring electrodes
350 and 355 placed in the left ventricle 205B via the
coronary vein 220. In another example, lead 108C includes
electrodes for placement in the left atrium.

[0025] Sensing among different sets of electrodes often
provides directional information regarding the propagation
of cardiac signals and is often referred to as sensing among
different vectors. For example, sensing from an electrode
placed in or near the right atrium 200A to an electrode
placed in or near the right ventricle 205A would be one
vector, sensing from the right atrium 200A to the left atrium
200B would be a second vector, and sensing from the right
ventricle 205A to a can electrode 250, or a header electrode
255, would be a third vector.

[0026] The medical device measures intracardiac imped-
ance between implantable electrodes placed in or near the
heart chamber of interest. As an example, the intracardiac
impedance of the left ventricle 205B is measured between
electrodes 355 and 350. In another example, the intracardiac
impedance of the right ventricle 205A is measured between
an electrode placed at the apex of the right ventricle 205A
and an electrode placed in the right atrium 200A.

[0027] FIG. 4 shows a block diagram of an example of a
system 400 to monitor intracardiac impedance. The system
400 includes a medical device 405. In some examples, the
medical device 405 is implantable. The medical device 405
includes an intracardiac impedance measurement circuit
410, cardiac signal sensing circuit 415, and a controller
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circuit 420 coupled to the impedance measurement circuit
410 and cardiac signal sensing circuit 415. The intracardiac
impedance measurement circuit 410 is coupled to implant-
able electrodes in order to obtain an intracardiac impedance
signal between electrodes. In some examples, the intracar-
diac impedance measurement circuit 410 is coupled to a
plurality of implantable electrodes and includes a test cur-
rent circuit 425 and a voltage measurement circuit 430
coupled to the controller circuit 420. The test current circuit
425 delivers a specified test current using the implantable
electrodes and the voltage measurement circuit 430 mea-
sures a voltage resulting from the test current. The resulting
voltage may be measured using electrodes that are the same
or different from the electrodes used to deliver the test
current. For example, the test current could be delivered
between ring electrodes on the leads of FIG. 24, and the
voltage could be measured using either the same ring
electrodes or measured between the tip electrodes. To avoid
unintended stimulation of the heart, the magnitude of the
applied test current is small (e.g., 1-2 microamps) or the
pulse width of the applied current is small (e.g., | milliamp
amplitude, 15 microsecond pulse width, 47 millisecond
period). This test current can be kept small enough to satisfy
typical leakage current requirements of an implantable
device. Similarly, a biphasic current waveform can be used
to promote charge balance.

[0028] The cardiac signal sensing circuit 415 senses elec-
trical cardiac signals associated with the action potential
signals of a heart. The action potentials propagate through
the heart’s electrical conduction system to excite various
regions of myocardial tissue. The sensing circuit 415 pro-
vides an electrical signal representative of such signals.
Examples of cardiac signal sensing circuits 415 include,
without limitation, a subcutaneous electrocardiogram (ECG)
sensing circuit, an intracardiac electrogram (EGM) sensing
circuit, and a wireless ECG sensing circuit. In a subcutane-
ous ECG sensing circuit, electrodes are implanted beneath
the skin and the ECG signal obtained is referred to as
subcutaneous ECG or far-field electrogram. In an intracar-
diac EGM circuit, at least one electrode 1s placed in or
around the heart. A wireless ECG includes a plurality of
electrodes to provide differential sensing of cardiac signals
to approximate a surface ECG. Descriptions of wireless
ECG systems are found in commonly assigned, co-pending
U.S. patent application Ser. No. 10/795,126 by McCabe et
al., entitled “Wireless ECG in Implantable Devices,” filed on
Mar. 5, 2004, which is incorporated herein by reference. The
controller circuit 420 determines cardiac cycles using the
cardiac signal sensing circuit 415 and measures cardiac-
cycle to cardiac-cycle changes in a plurality of intracardiac
impedance parameters, such as by being operable to perform
an algorithm or algorithms implemented by hardware, soft-
ware, firmware or any combination of hardware, software or
firmware. Typically, intracardiac impedance is relatively
stable under normal conditions. Monitoring intracardiac
impedance for cycle-by-cycle changes detects potential
changes to a patient’s hemodynamic system in a relatively
short period of time. Detecting changes quickly is import if
the changes are due to heart failure (HF) decompensation or
unstable tachycardias. In some examples, changes from one
cardiac cycle to the next are measured. In some examples,
changes are measured every third cardiac cycle. In some
examples, changes are measured between a first cardiac
cycle and a cardiac cycle that occurs several cycles later.
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This may be useful to save battery life by reducing the
energy used for the measurements.

[0029] FIG. 5A illustrates graphs 500 that include a mea-
sured cardiac signal waveform 505 and a measured intrac-
ardiac impedance waveform 510. The cardiac signal wave-
form 505 is an electrical waveform corresponding to action
potentials of the ventricles of a heart. The graphs 500 show
that the impedance waveform reaches a maximum value 515
just before a P-wave 520 corresponding to the ventricles
beginning to fill with blood. The intracardiac impedance
decreases to a minimum value until the ventricles begin to
empty, at which point the impedance begins to increase. The
segment of the impedance waveform 510 between the
vertical bars 525 shows the intracardiac impedance variation
over a cardiac cycle.

[0030] The controller circuit 420 of FIG. 4 derives many
intracardiac impedance parameters from intracardiac imped-
ance waveforms 510. One parameter shown in FIG. 5A is the
baseline impedance value Z,. Z, is a parameter that varies
with a patient’s heart size and depends on myocardial mass
and blood volume. In one example, the baseline 7, is
established at time of implant. In yet another example, the
baseline 7, is established while a patient is in a predeter-
mined physiologic state, such as at rest. In some examples,
the controller circuit 420 of FIG. 4 includes an averaging
circuit and establishes a baseline impedance value by form-
ing an ensemble or other average of minimum values of the
waveform 510.

[0031] Another parameter shown in FIG. 5A is the maxi-
mum peak impedance value Z,, ... This provides a measure
of, among other things, a measure of the maximum change
in size of a heart due to changing blood volume. Another
parameter useful for measuring the volume of blood flowing
through the heart is the area 7, between the impedance
signal waveform 510 and the baseline Z,,. This measurement
provides an approximation of the integral of the intracardiac
impedance over the cardiac cycle. Another parameter shown
in the Figure is the time interval of maximum impedance
change T,,_,,,... Which is measured from the time when the
sensed intracardiac impedance signal waveform exceeds the
measured baseline intracardiac impedance value to the time
it reaches the maximum intracardiac impedance value. This
provides a measure of heart contraction speed. Yet another
parameter shown is the slope of the intracardiac impedance
wave form measured at 1/2T,,_ ... 530, or S| s720_ zre-
The time interval and the slope of the waveform provide a
measure of the eflicacy of heart contractions. The slope and
area under the curve measurements (Z, ) are comprehen-
sive parameters which use the relatively simple parameters
Z,and Z, to calculate cardiac performance.

[0032] The controller circuit 420 of FIG. 4 uses measured
changes in the intracardiac impedance parameters to detect
or verify tachyarrhythmia in a patient. In some examples, the
controller circuit 420 detects tachyarrhythmia from a sudden
decrease in cardiac performance manifested as a change in
the intracardiac impedance parameters. FIG. 5B shows a set
of graphs 550 of measured intracardiac impedance wave-
forms. Graph 560 illustrates a slope 562 of the waveform
and an area 564 above a baseline intracardiac impedance
value 566 and below an intracardiac impedance wave form
568. Graph 570 illustrates a change in intracardiac imped-
ance that increases the slope of the waveform and the area
under the waveform and above the baseline value. Because
intracardiac impedance is inversely proportional to volume,
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the change may indicate an increase in the change in volume
of blood filling the ventricles and being emptied from the
ventricles during a cardiac cycle. Graph 580 illustrates a
change that decreases the slope, and thus may indicate that
the volume of blood flow is not changing to the same degree
as in graphs 560 and 570, possibly because the ventricles are
not emptying properly. If the difference between the baseline
value 7, and the maximum value 7, , rapidly decreases
over cardiac cycles, this may be an indication that the
tachyarrhythmia is ventricular fibrillation or ventricular
tachycardia.

[0033] Insome examples, the controller circuit 420 detects
tachyarrhythmia from a combination of a variation in heart
rate and a change in the intracardiac impedance parameters.
A rate detected tachyarrhythmia, such as tachycardia,
together with a decrease in cardiac performance indicated by
changes in intracardiac impedance parameters, may indicate
that the tachycardia is unstable. In some examples, unstable
tachycardia is indicated from a significant reduction in the
intracardiac impedance curve, such as shown between the
cardiac cycles in graphs 560 and 580 of FIG. 5B, during
tachycardia. A rate detected tachycardia together without a
decrease in cardiac performance indicated by changes in
intracardiac impedance parameters may indicate the tachy-
cardia is stable.

[0034] In some examples, the medical device 405 includes
a therapy circuit to deliver a therapy to a patient. In some
examples, the therapy circuit is coupled to the electrodes to
provide pacing and/or defibrillation energy in conjunction
with the electrodes disposed in or near a heart. The elec-
trodes are used along with sense amplifiers for sensing
electrical activity of a heart. In some examples, the medical
device 405 is a neural stimulation device and the therapy
circuit is coupled to the electrodes to provide energy for
neural stimulation, such as a vagal nerve stimulation device.
In some examples, the therapy circuit initiates delivery of a
drug therapy, such as from a drug reservoir or from a drug
patch of an iontophoretic device.

[0035] In some examples, the medical device 405 is
capable of delivering more than one type of therapy and the
measured changes in intracardiac impedance parameters are
used to determine the type of therapy to provide to a patient.
For example, if the controller circuit 420 determines that the
tachyarrhythmia is ventricular tachycardia and the intracar-
diac impedance parameters indicate that the tachycardia is
stable, the controller circuit 420 first attempts to terminate
the tachycardia using anti-tachycardia pacing (ATP) before
providing high-energy shock therapy. If the controller circuit
420 determines that the tachyarrhythmia is ventricular
tachycardia and the intracardiac impedance parameters indi-
cate that the tachycardia is unstable, the controller circuit
420 immediately attempts to terminate the tachycardia using
high-energy shock therapy.

[0036] FIG. 6 is an illustration of portions of another
example of a system 600 to monitor intracardiac impedance.
In this example, the system 600 includes an IMD 605 that is
a cardiac rhythm management device. The IMD 605 is
coupled to heart 615 by cardiac leads 610 that include lead
tip and ring electrodes 620, 622, 625, 627. The cardiac leads
610 are connected to the IMD at header 640. The IMD 605
includes components that are enclosed in a hermetically-
sealed canister or “can” 630. A therapy circuit 670 is used to
provide cardiac function management therapy such as pac-
ing and/or defibrillation energy in conjunction with the
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electrodes disposed in or around heart 615. The leads 610
and lead electrodes 620, 622, 625, 627 are used in conjunc-
tion with sense amplifiers 675 for sensing electrical activity
of a heart 615.

[0037] The IMD 605 includes an intracardiac impedance
measurement circuit 695 coupled to a controller circuit 665.
The impedance measurement circuit 695 includes a test
current circuit 650 and a voltage measurement circuit 655.
As an example, the test current is delivered between the right
atrium and the right ventricle using ring electrodes 625 and
627. To determine the intracardiac impedance, the resulting
voltage is measured using tip electrodes 620 and 622. Any
combination of electrodes can be used to deliver the current
and measure the voltage. For example, the electrodes used in
FIG. 6 to deliver the test current and those to measure the
test voltage could be swapped. Alternatively, some or all of
the electrodes used to deliver the current could be the same
as the electrodes to measure the voltage. For example, the
test current could be delivered from the ring electrode 625
to ring electrode 627 and the voltage could be measured
from the tip electrode 620 to ring electrode 627.

[0038] In some examples, the medical device 605 further
includes a memory circuit coupled to the controller circuit
665. The memory circuit stores intracardiac impedance
parameters measured by the controller circuit 665. In some
examples, the controller circuit 665 detects tachyarrhythmia
using changes in the measured and stored parameters. For
example, a decrease in cardiac performance may be indi-
cated by an increase in either the baseline impedance value
7, the maximum peak impedance value 7,,,., or both 7,
and Z . In some examples, the controller circuit 665
detects tachyarrhythmia using a combination of heart rate
and changes in the measured and stored parameters.
[0039] Insome examples, the memory circuit stores trends
in the measured intracardiac impedance signal parameters.
Trending of data helps to establish a timeframe over which
the change occurred. The timeframe can provide clues as to
the cause of the change or changes. For example, changes
due to an acute myocardial infarction are immediate and in
hemodynamic changes within seconds or minutes. In con-
trast, hemodynamic changes due to worsening HF are
gradual and occur over hours or days.

[0040] According to some examples, the system 600 fur-
ther includes an external device 690 operable to communi-
cate with the IMD 605 using the communication circuit 685.
The communication is through wireless signals such as
telemetry signals or RF signals. In some examples, the
external device 690 is part of, or in communication with, a
computer network such as a hospital computer network or
the internet. In some examples, the external device 690 is
part of, or in communication with, a communication net-
work. The medical device 605 communicates wirelessly
with the external device 690 and the medical device 605
communicates the trend data to the external device 690. In
some examples, the external device 690 includes a display
to display the trend data.

[0041] According to some examples, the system 600
includes electrodes for placement in or around chambers on
both the left side and right of the heart 615, such as the lead
configuration of FIG. 3, and the IMD 605 provides cardiac
resynchronization therapy (CRT) to heart 615. The control-
ler circuit 665 adjusts one or more parameters related to CRT
based on measured changes in the intracardiac impedance
parameters. As an illustrative example, if a measured value
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of maximum peak impedance value 7, is low, the con-
troller circuit 665 adjusts the offset between pacing of the
right ventricle and pacing of the left ventricle to increase the
difference between the baseline impedance value Z, and the
maximum peak impedance value Z_,,, .. In another example,
the controller circuit 665 adjusts the offset between pacing
of the right ventricle and pacing of the left ventricle to
increase both 7, and the slope of the intracardiac imped-
ance waveform. In some examples, the parameter related to
CRT is adjusted using an external device after trending of
the measured intracardiac parameters is reviewed using the
external device.

[0042] FIG. 7 shows a block diagram of an example of a
method 700 for detecting cardiac events using measure-
ments of intracardiac impedance. At 710, cardiac cycles of
a patient are sensed by monitoring the patient’s electrical
cardiac signals. In some examples, the cardiac signals are
sensed using a subcutaneous electrocardiogram (ECG) sens-
ing circuit, or an intracardiac electrogram (EGM) sensing
circuit, or a wireless ECG sensing circuit. At 720, intracar-
diac impedance is sensed to obtain an intracardiac imped-
ance waveform. In some method examples, the cardiac
cycles and intracardiac impedance are sensed using an IMD.
At 730, a plurality of intracardiac impedance parameters is
measured from the sensed waveform in association with the
cardiac cycles. This provides monitoring of the intracardiac
impedance parameters on a cardiac-cycle by cardiac-cycle
basis. In some examples, the plurality of intracardiac imped-
ance parameters includes a baseline intracardiac impedance
value Z,,. The baseline value may be established by forming
an ensemble or other average of multiple sampled values of
the waveform. In some examples, the plurality of intracar-
diac impedance parameters includes an area between a
sensed intracardiac impedance signal waveform and the
measured intracardiac impedance baseline value. This mea-
surement approximates an integral over the cardiac cycle of
the intracardiac impedance greater than the baseline value.

[0043] In some examples, the plurality of intracardiac
impedance parameters includes measuring a maximum
intracardiac impedance value 7, ., during a cardiac cycle. In
some examples, the plurality of intracardiac impedance
parameters includes measuring a time interval beginning
when a sensed intracardiac impedance signal waveform
exceeds the measured baseline intracardiac impedance value
and ending when the waveform reaches the maximum
intracardiac impedance value. In some examples, the plu-
rality of intracardiac impedance parameters includes mea-
suring a slope of the intracardiac impedance waveform. In
some of the examples, the slope is measured at the midpoint
of the time interval that it takes the intracardiac impedance
signal to reach the maximum value from the baseline value.

[0044] At 740, detecting tachyarrhythmia is detected using
the changes in the plurality of intracardiac impedance
parameters measured among the cardiac cycles. In some
examples, tachyarrhythmia is detected using the changes in
the intracardiac impedance parameters alone. For example,
if the difference between the baseline value Z, and the
maximum value Z,, .. rapidly decreases over cardiac cycles,
this may be an indication that the tachyarrhythmia is ven-
tricular fibrillation or ventricular tachycardia. In some
examples, tachyarrhythmia is detected using the changes in
the intracardiac impedance parameters together with varia-
tions in heart rate.
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[0045] FIG. 8 shows another block diagram of an example
of a method 800 for detecting cardiac events using intrac-
ardiac impedance measurements. At 810, electrical cardiac
signals of a subject are sensed. At 820, tachyarrhythmia is
detected. It is then determined whether the tachyarrhythmia
is ventricular tachycardia or ventricular fibrillation, or
supraventricular tachycardia using the cardiac signals. In
some examples, tachyarrhythmia is detected from heart rate,
stich as by a sudden onset of a number of fast beats. Whether
a tachyarrhythmia is ventricular tachycardia or ventricular
fibrillation, or supraventricular tachycardia is then deter-
mined using the morphology of sensed cardiac signals.
Systems and methods to detect tachyarrhythmia and to
discriminate ventricular tachycardia or ventricular fibrilla-
tion from supraventricular tachycardia are described in Hsu
et al.,, U.S. Pat. No. 6,275,732, entitled “Multiple Stage
Morphology Based System Detecting Ventricular Tachycar-
dia and Supraventricular Tachycardia,” which is incorpo-
rated herein by reference. At 830, an intracardiac impedance
signal is sensed during the tachyarrhythmia. In some
embodiments the cardiac signals and the impedance signal
are sensed using an IMD.

[0046] At 840, it is determined whether the tachyarrhyth-
mia is stable using a plurality of intracardiac impedance
parameters derived from the intracardiac impedance signal.
In some examples, the plurality of intracardiac impedance
parameters are measured in association with cardiac cycles
determined from the cardiac signals. At 850, shock therapy
1s provided to the subject if the tachyarthythmia is ventricu-
lar tachycardia or fibrillation and unstable, and providing
anti-tachycardia pacing (ATP) therapy to the subject if the
tachyarrhythmia is ventricular tachycardia or fibrillation and
stable. In some examples, ATP therapy is first provided to
the patient and shock therapy is resorted to if ATP does not
mitigate the tachyarrhythmia. Some examples of the method
800 further include, at 860, providing a therapy to the
subject if the tachyarrhythmia is supraventricular tachycar-
dia and unstable and withholding a therapy if tachyarrhyth-
mia is supraventricular tachycardia and stable.

[0047] FIG. 9 shows another block diagram of an example
of a method 900 for detecting cardiac events using intrac-
ardiac impedance measurements. At 910, the cardiac cycles
of a patient are sensed using any of the methods discussed
previously. At 920, intracardiac impedance is sensed using
an IMD to obtain an intracardiac impedance waveform. At
930, a plurality of intracardiac impedance parameters is
measured from the waveform in association with the cardiac
cycles. In some examples, the plurality of intracardiac
impedance parameters includes a baseline impedance value
Z,. In some examples, the plurality of intracardiac imped-
ance parameters includes the maximum peak impedance
value Z, ... In some examples, the plurality of intracardiac
impedance parameters includes the area 7, between the
impedance signal waveform and the baseline value 7, In
some examples, the plurality of intracardiac impedance
parameters includes the time interval of maximum imped-
ance change, T,,_, ., measured from the time when the
sensed intracardiac impedance signal waveform exceeds the
measured baseline intracardiac impedance value to the time
it reaches the maximum intracardiac impedance value. In
some examples, the plurality of intracardiac impedance
parameters includes the slope of the intracardiac impedance
waveform measured at one-half the time interval from when



US 2017/0312520 A9

the waveform exceeds a baseline impedance value to when
it reaches a maximum impedance value.

[0048] The measured parameters are monitored are moni-
tored for changes on a cardiac-cycle by cardiac-cycle basis.
At 940, a cardiac decompensation event is deemed to have
occurred using changes in the plurality of measured intrac-
ardiac impedance parameters. In some embodiments, detect-
ing cardiac decompensation includes detecting a decrease in
cardiac performance in the absence of tachycardia using at
least one intracardiac impedance parameter. Returning to
FIG. 5B, graph 580 shows a decreasing change in intracar-
diac impedance during cardiac cycles. The decreasing
change would be manifested in several of the mentioned
intracardiac impedance parameters. For example, the change
in 7, between cardiac cycles would be decreasing, the
slope of the intracardiac impedance waveform would be
decreasing, and the area between the waveform and the
baseline value 7, would be decreasing. If the changes occur
while the heart rate remains constant or stable, it may be an
indication that the change occurred without an intervening
episode of tachycardia and the change may indicate HF
decompensation.

[0049] In some examples, because hemodynamic changes
due to worsening HF are gradual and occur over hours or
days, trending of the parameters may be used to monitor the
changes. In some examples, changes in the parameters that
occur among cardiac cycles, such as from one cardiac cycle
to the next, are trended. In some examples, the IMD detects
the decompensation event and sets an indication of the
decompensation. The indication may be communicated to an
external device to alert a caregiver. In some examples, the
trending information is transmitted to an external device and
the external device detects the decompensation event. In
some examples, a therapy provided to the patient by the
IMD is adjusted based at least in part on the cardiac
decompensation event.

[0050] If the intracardiac impedance trending information
includes a decrease in cardiac performance to a low level
(such as a decrease in contraction strength manifested as the
decrease in impedance illustrated in graph 580 of FIG. 5B)
and the low level is maintained for a prolonged period of
time in spite of medical intervention, this trending informa-
tion may indicate that remodeling of the heart has occurred.
In some method examples, such changes can be monitored
and detected by trending intracardiac impedance parameters.
For example, if the trending shows that a patient experienced
a temporary increase in cardiac performance followed by a
decrease in cardiac performance without any evidence of
tachycardia, the trending deems that heart remodeling has
occurred. In some examples, at least one therapy parameter
of the IMD is adjusted in accordance with the trending.
[0051] The systems and methods discussed herein show
that monitoring intracardiac impedance enhances detection
of cardiac events such as tachycardia, and enhance moni-
toring and adjusting of, among other things, cardiac rhythm
management systems. The accompanying drawings that
form a part hereof, show by way of illustration, and not of
limitation, specific embodiments in which the subject matter
may be practiced. The embodiments illustrated are described
in sufficient detail to enable those skilled in the art to
practice the teachings disclosed herein. Other embodiments
may be utilized and derived therefrom, such that structural
and logical substitutions and changes may be made without
departing from the scope of this disclosure. This Detailed
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Description, therefore, is not to be taken in a limiting sense,
and the scope of various embodiments is defined only by the
appended claims, along with the full range of equivalents to
which such claims are entitled.
[0052] Such embodiments of the inventive subject matter
may be referred to herein, individually and/or collectively,
by the term “invention” merely for convenience and without
intending to voluntarily limit the scope of this application to
any single invention or inventive concept if more than one
is in fact disclosed. Thus, although specific embodiments
have been illustrated and described herein, it should be
appreciated that any arrangement calculated to achieve the
same purpose may be substituted for the specific embodi-
ments shown. This disclosure is intended to cover any and
all adaptations, or variations, or combinations of various
embodiments. Combinations of the above embodiments, and
other embodiments not specifically described herein, will be
apparent to those of skill in the art upon reviewing the above
description.
[0053] The Abstract of the Disclosure is provided to
comply with 37 C.E.R. §1.72(b), requiring an abstract that
will allow the reader to quickly ascertain the nature of the
technical disclosure. It is submitted with the understanding
that it will not be used to interpret or limit the scope or
meaning of the claims. In addition, in the foregoing Detailed
Description, it can be seen that various features are grouped
together in a single embodiment for the purpose of stream-
lining the disclosure. This method of disclosure is not to be
interpreted as reflecting an intention that the claimed
embodiments require more features than are expressly
recited in each claim. Rather, as the following claims reflect,
inventive subject matter lies in less than all features of a
single disclosed embodiment. Thus the following claims are
hereby incorporated into the Detailed Description, with each
claim standing on its own.
What is claimed is:
1. A medical device comprising;
a cardiac cycle sensing circuit, the sensing circuit con-
figured to provide a sensed cardiac cycle;
an impedance measurement circuit configured to provide
an intracardiac impedance signal; and
a controller circuit coupled to the cardiac signal sensing
circuit and the impedance measurement circuit, the
controller circuit configured to determine at least two
of:

a cardiac-cycle-to-cardiac-cycle change in a value of a
baseline intracardiac impedance value calculated, for
a particular cardiac cycle, to represent the baseline
intracardiac impedance for that particular cardiac
cycle;

a cardiac-cycle-to-cardiac-cycle change in a value of
maximum intracardiac impedance value calculated,
for a particular cardiac cycle, to represent the maxi-
mum intracardiac impedance value for that particular
cardiac cycle; and

a cardiac-cycle-to-cardiac-cycle change in a slope
value of an intracardiac impedance waveform signal,
for a particular cardiac cycle, the slope value mea-
sured at a time corresponding to one-half of a time
interval over which a maximum intracardiac imped-
ance change occurs during the particular cardiac
cycle; and

generate an indication that the measured cardiac-cycle-
to-cardiac-cycle change represents heart failure (HF)



US 2017/0312520 A9

decompensation when the change occurs absent detec-
tion of an intervening event during the measuring of the
intracardiac impedance parameters.

2. The medical device of claim 1, wherein the controller
circuit is configured to determine at least one of a heart rate
and a depolarization interval using the sensed cardiac signal,
and generate the indication of HF decompensation absent an
episode of unstable heart rate or unstable depolarization
interval.

3. The medical device of claim 1, wherein the controller
circuit is configured to determine at least one of a heart rate
or a depolarization interval using the sensed cardiac signal,
and generate the indication of HF decompensation absent an
episode of tachycardia detected using the determined at least
one of heart rate or depolarization interval.

4. The medical device of claim 1, wherein the medical
device includes a therapy circuit coupled to the controller
circuit, wherein the controller circuit is operable to initiate
a therapy in response to an indication of HF decompensa-
tion.

5. The medical device of claim 1, including implantable
electrodes, and wherein the implantable electrodes includes
at least one electrode configured for placement in a left
atrium of the heart.

6. The medical device of claim 1, including implantable
electrodes, and wherein the implantable electrodes includes
at least one electrode configured for placement in a left
ventricle of the heart.

7. The medical device of claim 1, including a memory
circuit to store intracardiac impedance parameters measured
in accordance with at least one cardiac cycle, and wherein
the controller circuit is further operable to detect tachyar-
rhythmia using a change from stored intracardiac impedance
parameters and measured intracardiac impedance param-
eters.

8. The medical device of claim 7, wherein the control
circuit is configured to store at least one trend for at least one
intracardiac impedance parameter.

9. The medical device of claim 8, wherein the control
circuit is configured to change at least one therapy parameter
of the IMD according to the trending.

10. The medical device of claim 8, wherein the control
circuit is configured to generate an indication that cardiac
remodeling has occurred according to the trending.

11. A method comprising:

sensing cardiac cycles of a patient;

sensing intracardiac impedance to obtain an intracardiac

impedance waveform;

measuring intracardiac impedance parameters from the

waveform including at least two of:

a cardiac-cycle-to-cardiac-cycle change in a value of a
baseline intracardiac impedance value calculated, for
a particular cardiac cycle, to represent the baseline
intracardiac impedance for that particular cardiac
cycle;

a cardiac-cycle-to-cardiac-cycle change in a value of
maximum intracardiac impedance value calculated,
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for a particular cardiac cycle, to represent the maxi-
mum intracardiac impedance value for that particular
cardiac cycle; and

a cardiac-cycle-to-cardiac-cycle change in a slope
value of an intracardiac impedance waveform signal,
for a particular cardiac cycle, the slope value mea-
sured at a time corresponding to one-half of a time
interval over which a maximum intracardiac imped-
ance change occurs during the particular cardiac
cycle; and

generating an indication that the measured cardiac-cycle-

to-cardiac-cycle change represents HF decompensation
when the change occurs absent detection of an inter-
vening event during the measuring of the intracardiac
impedance parameters.

12. The method of claim 11, wherein the intervening event
includes an episode of at least one of unstable heart rate or
unstable depolarization intervals.

13. The method of claim 11, wherein the intervening event
includes an episode of tachycardia.

14. The method of claim 13, wherein measuring intrac-
ardiac impedance parameters includes measuring, for a
particular cardiac cycle, a cardiac-cycle-to-cardiac-cycle
change in a value of an area between the sensed intracardiac
impedance signal waveform and the baseline intracardiac
impedance value, wherein the change in area value is
measured to represent the area value corresponding to the
particular cardiac cycle.

15. The method of claim 13, wherein measuring intrac-
ardiac impedance parameters includes measuring, for a
particular cardiac cycle, a cardiac-cycle-to-cardiac-cycle
change in a time interval from when a sensed intracardiac
impedance signal waveform exceeds the measured baseline
intracardiac impedance value to the time it reaches the
maximum intracardiac impedance value, wherein the change
in the time interval is measured to represent the time interval
value for that particular cardiac cycle.

16. The method of claim 11, wherein sensing cardiac
cycles and sensing intracardiac impedance includes sensing
cardiac cycles and intracardiac impedance using an implant-
able medical device (IMD).

17. The method of claim 11, wherein the method further
includes monitoring heart rate of the patient to detect
tachycardia, and wherein deeming that a cardiac decompen-
sation event occurred includes detecting a decrease in car-
diac performance in the absence of tachycardia using the
change in the intracardiac impedance parameters measured
between multiple cardiac cycles.

18. The method of claim 11, including trending changes
in the plurality of intracardiac impedance parameters,
wherein the changes are measured between multiple cardiac
cycles.

19. The method of claim 18, wherein the method further
includes changing at least one therapy parameter of the IMD
according to the trending.

20. The method of claim 18, wherein the method further
includes deeming that cardiac remodeling has occurred
according to the trending.
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