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CARDIAC RESPONSE CLASSIFICATION
USING MULTISITE SENSING AND PACING

RELATED APPLICATIONS

This application is a continuation of U.S. patent applica-
tion Ser. No. 10/735,519, filed on Dec. 13, 2003, now U.S.
Pat. No. 8,521,284 which is hereby incorporated by reference
herein.

FIELD OF THE INVENTION

The present invention relates generally to implantable
medical devices and, more particularly, to classifying a car-
diac response following delivery of a pace pulse based on
multisite sensing and pacing.

BACKGROUND OF THE INVENTION

When functioning normally, the heart produces rhythmic
contractions and is capable of pumping blood throughout the
body. However, due to disease or injury, the heart rhythm may
become irregular resulting in diminished pumping efficiency.
Arrhythmia is a general term used to describe heart rhythm
irregularities arising from a variety of physical conditions and
disease processes. Cardiac rhythm management systems,
such as implantable pacemakers and cardiac defibrillators,
have been used as an effective treatment for patients with
serious arrhythmias. These systems typically comprise cir-
cuitry to sense electrical signals from the heart and a pulse
generator for delivering electrical stimulation pulses to the
heart. Leads extending into the patient’s heart are connected
to electrodes that contact the myocardium for sensing the
heart’s electrical signals and for delivering stimulation pulses
to the heart in accordance with various therapies for treating
the arrhythmias.

Cardiac rhythm management systems operate to stimulate
the heart tissue adjacent to the electrodes to produce a con-
traction of the tissue. Pacemakers are cardiac rhythm man-
agement systems that deliver a series of low energy pace
pulses timed to assist the heart in producing a contractile
rhythm that maintains cardiac pumping efficiency. Pace
pulses may be intermittent or continuous, depending on the
needs of the patient. There exist a number of categories of
pacemaker devices, with various modes for sensing and pac-
ing one or more heart chambers.

When a pace pulse produces a contraction in the heart
tissue, the electrical cardiac signal following the contraction
is denoted the captured response (CR). The captured response
may include an electrical signal, denoted the evoked response
signal, associated with the heart contraction, along with a
superimposed signal associated with residual post pace polar-
ization at the electrode-tissue interface. The magnitude of the
residual post pace polarization signal, or pacing artifact, may
be affected by a variety of factors including lead polarization,
after-potential from the pace pulse, lead impedance, patient
impedance, pace pulse width, and pace pulse amplitude, for
example.

A pace pulse must exceed a minimum energy value, or
capture threshold, to produce a contraction. It is desirable for
a pace pulse to have sufficient energy to stimulate capture of
the heart without expending energy significantly in excess of
the capture threshold. Thus, accurate determination of the
capture threshold is required for efficient pace energy man-
agement. If the pace pulse energy is too low, the pace pulses
may not reliably produce a contractile response in the heart
and may result in ineffective pacing. If the pace pulse energy
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is too high, the patient may experience discomfort and the
battery life of the device will be shorter.

Capture detection allows the cardiac rhythm management
system to adjust the energy level of pace pulses to correspond
to the optimum energy expenditure that reliably produces a
contraction. Further, capture detection allows the cardiac
rhythm management system to initiate a back-up pulse at a
higher energy level whenever a pace pulse does not produce a
contraction.

At times, a pacing pulse may merge with an intrinsic beat,
producing a fusion beat. A fusion beatis a cardiac contraction
that occurs when two cardiac depolarizations of a particular
chamber, but from separate initiation sites, merge. When the
heart is being paced, a fusion beat may occur when an intrin-
sic cardiac depolarization of a particular chamber merges
with a pacer output pulse within that chamber. Fusion beats,
as seen on electrocardiographic recordings, exhibit various
morphologies. The merging depolarizations of a fusion beat
do not contribute evenly to the total depolarization.

Pseudofusion occurs when a pacer output pulse is super-
imposed upon a spontaneous P wave during atrial pacing or
upon a spontaneous QRS complex during ventricular pacing.
In pseudofusion, the pacing stimulus may be ineffective
because the tissue around the electrode has already sponta-
neously depolarized and is in its refractory period.

During normal pacing, the presence of fusion or pseudofu-
sion beats may be of little consequence except for wasted
energy due to the generation of unnecessary pace pulses.
However, detection of fusion of pseudofusion beats may be
required during an automatic capture or threshold determina-
tion procedures. Fusion or pseudofusion beats may cause
false detection of capture and may lead to erroneous capture
threshold values.

Capture may be verified by detecting if a cardiac signal
following a pace pulse indicates a captured response. How-
ever, the captured response must be discerned from other
responses, including the superimposed residual post pace
polarization without capture, intrinsic beats, and fusion/
pseudofusion beats.

SUMMARY OF THE INVENTION

The present invention involves various methods and
devices for classifying a cardiac response to a pacing stimu-
lation. In accordance with various embodiments of the inven-
tion, a first electrode combination is used for pacing the heart
and a second electrode combination is used to sense cardiac
signal following the pacing pulse to classify the cardiac pac-
ing response.

An embodiment of the invention involves a method for
classifying a cardiac response to a pacing pulse. A plurality of
electrodes electrically coupled to a heart is provided. A pac-
ing pulse is delivered to the heart using a first electrode
combination and a cardiac signal following the pacing pulse
is sensed using a second electrode combination. The cardiac
response to pacing is classified as one of a captured response,
a non-captured response, and a fusion/pseudofusion beat
using the sensed cardiac signal.

In accordance with an embodiment of the invention a
method of classifying a cardiac response to a pacing stimu-
lation involves providing a plurality of electrodes electrically
coupled to a heart. A pacing pulse is delivered to the heart
using a first electrode combination. A cardiac signal follow-
ing the pacing pulse is sensed using a second electrode com-
bination. The cardiac response to the pacing pulse is classified
as one of least three cardiac response types using the sensed
signal.
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Another embodiment of the invention involves a method
for classifying a cardiac pacing response. The method
includes providing a plurality of electrodes electrically
coupled to a heart. A pacing pulse is delivered using a first
electrode combination and a cardiac signal is sensed follow-
ing the pacing pulse using a second electrode combination. A
plurality of classification windows are defined relative to and
subsequent to the pacing pulse. A characteristic of the cardiac
signal is detected within a particular classification window.
The cardiac response to the pacing pulse is classified based on
the detected characteristic and the particular classification
window.

Yet another embodiment of the invention involves a
method for detecting a fusion/pseudofusion beat. A plurality
of electrodes electrically coupled to the heart is provided. A
pacing pulse is delivered to the heart using a first electrode
combination and a cardiac signal following the pacing pulse
is sensed using a second electrode combination. A fusion/
pseudofusion beat is detected using the sensed cardiac signal.

In accordance with yet another embodiment of the inven-
tion, a medical device for classifying a cardiac pacing
response includes a plurality of electrodes electrically
coupled to a heart. A pulse delivery circuit and a sensing
circuit are coupled to the plurality of electrodes. The pulse
delivery circuit is configured to deliver a pacing pulse to a
heart using a first electrode combination. The sensing circuit
is configured to sense a cardiac signal following the pacing
pulse using a second electrode combination. A control circuit
is coupled to the sensing circuit and is configured to classify
a cardiac response to the pacing pulse as one of at least three
cardiac response types based on the sensed cardiac signal.

A further embodiment of the invention involves a medical
device for detecting a fusion/pseudofusion response to a pac-
ing pulse. The medical device includes a plurality of elec-
trodes electrically coupled to a heart. A pulse delivery circuit
1s configured to deliver a pacing pulse using a first electrode
combination. A sensing circuit is configured to sense a car-
diac signal following the pacing pulse using a second elec-
trode combination. A control circuit coupled to the sensing
circuit is configured to detect a fusion/pseudofusion beat
based on the sensed cardiac signal.

The above summery of the present invention is not
intended to describe each embodiment or every implementa-
tion of the present invention. Advantages and attainments,
together with a more complete understanding of the inven-
tion, will become apparent and appreciated by referring to the
following detailed description and claims taken in conjunc-
tion with the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a partial view of one embodiment of an implant-
able medical device in accordance with embodiments of the
invention;

FIG. 2A is a block diagram of an implantable medical
device that may be used to classify a cardiac response to
pacing in accordance with embodiments of the invention;

FIG. 2B is a schematic diagram of a circuit that may be
used to generate pacing stimulations in accordance with
embodiments of the invention;

FIG. 2C is a schematic diagram of a circuit that may be
used to sense a cardiac signal following the delivery of a
pacing stimulation and to classify the cardiac response to the
pacing stimulation according to embodiments of the inven-
tion;

FIG. 3 is a graph illustrating a cardiac signal that indicates
capture;

15

20

25

30

35

40

45

50

55

60

65

4

FIG. 4 is a graph comparing a captured response and a
non-captured intrinsic response in accordance with embodi-
ments of the invention;

FIG. 5 is a graph illustrating a propagation delay of a
cardiac signal sensed on a shock channel following a pacing
pulse delivered on a rate channel,

FIG. 6Ais a flowchart illustrating a method used for detec-
tion of fusion/pseudofusion beats in accordance with embodi-
ments of the invention;

FIG. 6B is a flowchart illustrating a method of cardiac
response classification in accordance with embodiments of
the invention;

FIG. 6C is a flowchart illustrating a method of classifying
a cardiac response to pacing using multiple classification
windows in accordance with embodiments of the invention;

FIG. 7A. illustrates establishment of a set of classification
windows relative and subsequent to the pacing stimulation
based on a captured response template characteristic in accor-
dance with embodiments of the invention;

FIG. 7B is a flowchart illustrating a method of forming a
captured response (CR) template in accordance with embodi-
ments of the invention;

FIG. 7C illustrates establishment of a set of classification
windows relative and subsequent to the pacing stimulation
based on an evoked response template characteristic in accor-
dance with embodiments of the invention;

FIG. 7D is a flowchart illustrating a method of providing an
evoked response template for use in cardiac response classi-
fication in accordance with embodiments of the invention;

FIG. TE is a flowchart illustrating a method of acquiring a
pacing artifact template in accordance with an embodiment of
the invention;

FIG. 8A is a flowchart illustrating a method of cardiac
response classification utilizing a captured response (CR)
template to define multiple classification windows in accor-
dance with embodiments of the invention;

FIG. 8B is a flowchart illustrating a method of cardiac
response classification using an evoked response template to
define multiple classification windows in accordance with
embodiments of the invention.

FIG. 9 is a diagram illustrating a cardiac signal sensed
within multiple classification windows established following
a pacing pulse in accordance with embodiments of the inven-
tion;

FIG. 10 is a flowchart illustrating a method for performing
cardiac response classification in accordance with embodi-
ments of the invention;

FIG. 11 is a diagram illustrating fusion, capture, and non-
capture plus intrinsic response classification windows in
accordance with embodiments of the invention;

FIG. 12 is a flowchart illustrating a method of classifying a
cardiac response using fusion, capture, and intrinsic classifi-
cation windows in accordance with an embodiment of the
invention;

FIG. 13 is a diagram illustrating peak width classification
references used to classify a cardiac response in accordance
with embodiments of the invention;

FIGS. 14A and 14B are graphs illustrating the peak width
of a captured response and an intrinsic beat, respectively;

FIG. 15 is a flowchart of a method of classifying a cardiac
response using peak width references according to embodi-
ments of the invention;

FIG. 16 is a flowchart of a method of implementing a
cardiac response classification process in accordance with the
embodiments of the invention;
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FIG. 17 is a diagram illustrating the use of captured
response and intrinsic beat templates-in connection with clas-
sification of a cardiac response in accordance with embodi-
ments of the invention;

FIG. 18 is a flowchart of a method of using template ref-
erences to classify a cardiac response in accordance with
embodiments of the invention.

FIGS. 19 and 20 illustrate positive and negative type fidu-
cial points determined from rate channel signals in accor-
dance with embodiments of the invention;

FIGS. 21 and 22 show morphological features, including
turning point and flat slope features, respectively, for choos-
ing template features in accordance with embodiments of the
invention; and

FIGS. 23 and 24 show morphological features, including
turning point and flat slope features, respectively, for choos-
ing template features in accordance with embodiments of the
present invention.

While the invention is amenable to various modifications
and alternative forms, specifics thereof have been shown by
way of examplein the drawings and will be described in detail
below. Ifis to be understood, however, that the intentionis not
to limit the invention to the particular embodiments
described. On the contrary, the invention is intended to cover
all modifications, equivalents, and alternatives falling within
the scope of the invention as defined by the appended claims.

DETAILED DESCRIPTION OF VARIOUS
EMBODIMENTS

In the following description of the illustrated embodi-
ments, references are made to the accompanying drawings
forming a part hereof, and in which are shown by way of
illustration, various embodiments by which the invention
may be practiced. It is to be understood that other embodi-
ments may be utilized, and structural and functional changes
may be made without departing from the scope of the present
invention.

Various embodiments of the invention involve using an
electrode combination for pacing that is different from the
electrode combination used for sensing the cardiac response
to pacing. Employing different electrode combinations for
pacing and sensing may be used to enhance cardiac response
classification. In various embodiments, using different pac-
ing and sensing electrode combinations facilitates discrimi-
nation between a captured response and a fusion/pseudofu-
sion beat. Further, in accordance with embodiments of the
invention detection of fusion/pseudofusion beats may be
implemented using this approach.

In accordance with various aspects of the invention, car-
diac response classification may be implemented by defining
a plurality of classification windows relative to and following
a pacing stimulation. A cardiac signal following the pacing
stimulation is sensed. One or more characteristics of the
cardiac signal, for example, a peak, slope, curvature,
sequence of feature points, or other characteristic of the car-
diac signal is detected in one of the classification windows.
The cardiac response to the pacing stimulation is determined
based on the one or more detected characteristics and the
particular classification windows in which the one or more
characteristics are defected. The cardiac response may be
determined to be one of a captured response, a non-captured
response, a non-captured response added to an intrinsic beat,
a fusion/pseudofusion beat. The cardiac response classifica-
tion may be cancelled if noise is detected on the cardiac
signal.
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By way of example, the processes of the present invention
may be used to enhance capture threshold testing to deter-
mine the optimal energy for pacing. Determination of the
optimal pacing energy may be implemented, for example, by
an automatic capture threshold testing procedure executed by
an implantable cardiac rhythm management system. Addi-
tionally, automatic capture verification may be used to moni-
tor pacing on a beat-by-beat basis. Automatic capture verifi-
cation may be used to control back up pacing when a pace
pulse delivered to the heart fails to evoke a captured response
(CR). These and other applications may be enhanced by
employment of the systems and methods of the present inven-
tion.

Those skilled in the art will appreciate that reference to a
capture threshold procedure indicates a method of determin-
ing the capture threshold in one of the left atrium, the right
atrium, the left ventricle, and the right ventricle. In such a
procedure, the pacemaker, automatically or upon command,
initiates a search for the capture threshold of the selected heart
chamber. The capture threshold is defined as the lowest pac-
ing energy that consistently produces a contraction in the
chamber.

In one example of an automatic capture threshold proce-
dure, the pacemaker delivers a sequence of pacing pulses to
the heart and defects the cardiac responses to the pace pulses.
The energy of the pacing pulses may be decreased in discrete
steps until a predetermined number of loss-of-capture events
occur. The pacemaker may increase the stimulation energy in
discrete steps until a predetermined number of capture events
occur to confirm the capture threshold. A capture threshold
test may be performed using cardiac response classification
methods of the present invention.

Other procedures for implementing capture threshold test-
ing may beutilized. In one example, the pacing energy may be
increased in discrete steps until capture is defected. In another
example, the pacing energy may be adjusted according to a
binomial search pattern.

Automatic capture threshold determination is distinguish-
able from automatic capture detection, a procedure that may
occur on a beat-by-beat basis during pacing. Automatic cap-
ture detection verifies that a delivered pace pulse results in a
captured response. When a captured response is not detected
following a pace pulse, the pacemaker may deliver a back up
safety paceto ensure consistent pacing. The back up pace may
be delivered, for example, about 70-80 ms after the initial
pace pulse. If a predetermined number of pace pulses deliv-
ered during normal pacing do not produce a captured
response, the pacemaker may initiate a capture threshold test
to determine the capture threshold. Automatic capture defec-
tion and back up pacing may be implemented using the car-
diac response classification processes of the present inven-
tion.

The embodiments of the present system illustrated herein
are generally described as being implemented in an implant-
able cardiac defibrillator (ICD) that may operate in numerous
pacing modes known in the art. Various types of single and
multiple chamber implantable cardiac defibrillators are
known in the art and may be used in connection with the
cardiac response classification methods of the present inven-
tion. The methods of the present invention may also be imple-
mented in a variety of implantable or patient-external cardiac
rhythm management devices, including single and mufti
chamber pacemakers, defibrillators, cardioverters, bi-ven-
tricular pacemakers, cardiac resynchronizers, and cardiac
monitoring systems, for example.

Although the present system is described in conjunction
with an implantable cardiac defibrillator having a micropro-
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cessor-based architecture, it will be understood that the
implantable cardiac defibrillator (or other device) may be
implemented in any logic-based integrated circuit architec-
ture, if desired.

Referring now to FIG. 1 of the drawings, there is shown a
cardiac rhythm management system that may be used to
implement cardiac response classification methods of the
present invention. The cardiac rhythm management system in
FIG. 1 includes an ICD 100 electrically and physically
coupled to a lead system 102. The housing and/or header of
the ICD 100 may incorporate one or more electrodes 208,209
used to provide electrical stimulation energy to the heart and
to sense cardiac electrical activity. The ICD 100 may utilize
all or a portion of the ICD housing as a can electrode 209. The
ICD 100 may include an indifferent electrode positioned, for
example, on the header or the housing of the ICD 100. If the
ICD 100 includes both a can electrode 209 and an indifferent
electrode 208, the electrodes 208, 209 typically are electri-
cally isolated from each other.

The lead system 102 is used to detect electric cardiac
signals produced by the heart 101 and to provide electrical
energy to the heart 101 under certain predetermined condi-
tions to treat cardiac arrhythmias. The lead system 102 may
include one or more electrodes used for pacing, sensing,
and/or defibrillation. In the embodiment shown in FIG. 1, the
lead system 102 includes an intracardiac right ventricular
(RV) lead system 104, an intracardiac right atrial (RA) lead
system 105, an intracardiac left ventricular (LV) lead system
106, and an extracardiac left atrial (LA) lead system 108. The
lead system 102 of FIG. 1 illustrates one embodiment that
may be used in connection with the cardiac response classi-
fication methodologies described herein. Other leads and/or
electrodes may additionally or alternatively be used.

The lead system 102 may include intracardiac leads 104,
105, 106 implanted in a human body with portions of the
intracardiac leads 104, 105, 106 inserted into a heart 101. The
intracardiac leads 104, 105, 106 include various electrodes
positionable within the heart for sensing electrical activity of
the heart and for delivering electrical stimulation energy to
the heart, for example, pacing pulses and/or defibrillation
shocks to treat various arrhythmias of the heart.

As illustrated in FIG. 1, the lead system 102 may include
one or more extracardiac leads 108 having electrodes, e.g.,
epicardial electrodes, positioned at locations outside the heart
for sensing and pacing one or more heart chambers.

The right ventricular lead system 104 illustrated in FIG. 1
includes an SVC-coil 116, an RV-coil 114, an RV-ring elec-
trode 111, and an RV-tip electrode 112. The right ventricular
lead system 104 extends through the right atrium 120 and into
the right ventricle 119. In particular, the RV-tip electrode 112,
RV-ring electrode 111, and RV-coil electrode 114 are posi-
tioned at appropriate locations within the right ventricle 119
for sensing and delivering electrical stimulation pulses to the
heart. The SVC-coil 116 is positioned at an appropriate loca-
tion within the right atrium chamber 120 of the heart 101 ora
major vein leading to the right atrial chamber 120 of the heart
101.

In one configuration, the RV-tip electrode 112 referenced
to the can electrode 209 may be used to implement unipolar
pacing and/or sensing in the right ventricle 119. Bipolar pac-
ing and/or sensing in the right ventricle may be implemented
using the RV-tip 112 and RV-ring 111 electrodes. In yet
another configuration, the RV-ring 111 electrode may option-
ally be omitted, and bipolar pacing and/or sensing may be
accomplished using the RV-tip electrode 112 and the RV-coil
114, for example. The right ventricular lead system 104 may
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be configured as an integrated bipolar pace/shock lead. The
RV-coil 114 and the SVC-coil 116 are defibrillation elec-
trodes.

The left ventricular lead 106 includes an LV distal elec-
trode 113 and an I'V proximal electrode 117 located at appro-
priate locations in or about the left ventricle 124 for pacing
and/or sensing the left ventricle 124. The left ventricular lead
106 may be guided into the right atrium 120 of the heart via
the superior vena cava. From the right atrium 120, the left
ventricular lead 108 may be deployed into the coronary sinus
ostium, the opening of the coronary sinus 150. The lead 106
may be guided through the coronary sinus 150 to a coronary
vein of the left ventricle 124. This vein is used as an access
pathway for leads to reach the surfaces of the left ventricle
124 which are not directly accessible from the right side of the
heart. Lead placement for the left ventricular lead 106 may be
achieved via subclavian vein access and a preformed guiding
catheter for insertion of the L'V electrodes 113, 117 adjacent
to the left ventricle.

Unipolar pacing and/or sensing in the left ventricle may be
implemented, for example, using the LV distal electrode ref-
erenced to the can electrode 209. The LV distal electrode 113
and the LV proximal electrode 117 may be used together as
bipolar sense and/or pace electrodes for the left ventricle. The
left ventricular lead 106 and the right ventricular lead 104, in
conjunction with the ICD 100, may be used to provide cardiac
resynchronization therapy such that the ventricles of the heart
are paced substantially simultaneously, or in phased
sequence, to provide enhanced cardiac pumping efficiency
for patients suffering from chronic heart failure.

The right atrial lead 105 includes a RA-tip electrode 156
and an RA-ring electrode 164 positioned at appropriate loca-
tions in the right atrium 120 for sensing and pacing the right
atrium 120. In one configuration, the RA-tip 156 referenced
to the can electrode 209, for example, may be used to provide
unipolar pacing and/or sensing in the right atrium 120. In
another configuration, the RA-tip electrode 156 and the RA-
ring electrode 154 may be used to effect bipolar pacing and/or
sensing.

FIG. 1 illustrates one embodiment of a left atrial lead
system 108. In this example, the left atrial lead 108 is imple-
mented as an extracardiac lead with LA distal 118 and LA
proximal 115 electrodes positioned at appropriate locations
outside the heart 101 for sensing and pacing the left atrium
122. Unipolar pacing and/or sensing of the left atrium may be
accomplished, for example, using the LA distal electrode 118
to the can 209 pacing vector. The LA proximal 115 and LA
distal 118 electrodes may be used together to implement
bipolar pacing and/or sensing of the left atrium 122.

Referring now to FIG. 24, there is shown an embodiment
of a cardiac defibrillator 200 suitable for implementing a
cardiac response classification methodology of the present
invention. F1G. 2A shows a cardiac defibrillator divided into
functional blocks. It is understood by those skilled in the art
that there exist many possible configurations in which these
functional blocks can be arranged. The example depleted in
FIG. 2A is one possible functional arrangement. Other
arrangements are also possible. For example, more, fewer or
different functional blocks may be used to describe a cardiac
defibrillator suitable for implementing the cardiac response
classification methodology of the present invention. In addi-
tion, although the cardiac defibrillator 200 depicted in FIG.
2A contemplates the use of a programmable microprocessor-
based logic circuit, other circuit implementations may be
utilized.

The cardiac defibrillator 200 depicted in FIG. 2A includes
circuitry for receiving cardiac signals from a heart and deliv-
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ering electrical stimulation energy to the heart in the form of
pacing pulses or defibrillation shocks. In one embodiment,
the circuitry of the cardiac defibrillator 200 is encased and
hermetically sealed in a housing 201 suitable for implanting
in a human body. Power to the cardiac defibrillator 200 is
supplied by an electrochemical battery 280. A connector
block (not shown) is attached to the housing 201 of the car-
diac defibrillator 200 to allow for the physical and electrical
attachment of the lead system conductors to the circuitry of
the cardiac defibrillator 200.

The cardiac defibrillator 200 may be a programmable
microprocessor-based system, including a control system
220 and a memory 270. The memory 270 may store param-
eters for various pacing, defibrillation, and sensing modes,
along with other parameters. Further, the memory 270 may
store data indicative of cardiac signals received by other
components of the cardiac defibrillator 200. The memory 270
may be used, for example, for storing historical EGM and
therapy data. The historical data storage may include, for
example, data obtained from long term patient monitoring
used for trending or other diagnostic purposes. Historical
data, as well as other information, may be transmitted to an
external programmer unit 290 as needed or desired.

The control system 220 and memory 270 may cooperate
with other components of the cardiac defibrillator 200 to
control the operations of the cardiac defibrillator 200. The
control system depicted in FIG. 2A incorporates a cardiac
response classification processor 226 for classifying cardiac
responses to pacing stimulation in accordance with various
embodiments of the present invention. The control system
220 may include additional functional components including
a pacemaker control circuit 222, an arrhythmia detector 221,
and a template processor 224, along with other components
for controlling the operations of the cardiac defibrillator 200.

Telemetry circuitry 280 may be implemented to provide
communications between the cardiac defibrillator 200 and an
external programmer unit 280. In one embodiment, the telem-
etry circuitry 260 and the programmer unit 290 communicate
using a wire loop antenna and a radio frequency telemetric
link, as is known in the art, to receive and transmit signals and
data between the programmer unit 280 and the telemetry
circuitry 260. In this manner, programming commands and
other information may be transferred to the control system
220 of the cardiac defibrillator 200 from the programmer unit
290 during and after implant. In addition, stored cardiac data
pertaining to capture threshold, capture detection and/or car-
diac response classification, for example, along with other
data, may be transferred to the programmer unit 290 from the
cardiac defibrillator 200.

In the embodiment of the cardiac defibrillator 200 illus-
trated in FIG. 2, electrodes RA-tip 156, RA-ring 154, RV-tip
112, RV-ring 111, RV-coil, SVC-coil, LV distal electrode 113,
LV proximal electrode 117, LA distal electrode 118, LA
proximal electrode 115, indifferent electrode 208, and can
electrode 209 are coupled through a switch matrix 210 to
sensing circuits 231-237.

A right atrial sensing circuit 231 serves to detect and
amplify electrical signals from the right atrium of the heart.
Bipolar sensing in the right atrium may be implemented, for
example, by sensing voltages developed between the RA-tip
156 and the RA-ring 154. Unipolar sensing may be imple-
mented, for example, by sensing voltages developed between
the RA-tip 156 and the can electrode 209. Outputs from the
right atrial sensing circuit are coupled to the control system
220.

A right ventricular sensing circuit 232 serves to defect and
amplify electrical signals from the right ventricle of the heart.
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The right ventricular sensing circuit 232 may include, for
example, a right ventricular rate channel 233 and a right
ventricular shock channel 234. Right ventricular cardiac sig-
nals sensed through use of the RV-tip 112 electrode are right
ventricular near-field signals and are denoted RV rate channel
signals. A bipolar RV rate channel signal may be sensed as a
voltage developed between the RV-tip 112 and the RV-ring.
Alternatively, bipolar sensing in the right ventricle may be
implemented using the RV-tip electrode 112 and the RV-coil
114. Unipolar rate channel sensing in the right ventricle may
be implemented, for example, by sensing voltages developed
between the RV-tip 112 and the can electrode 209.

Right ventricular cardiac signals sensed through use of the
RV-coil electrode 114 are far-field signals, also referred to as
RV morphology or RV shock channel signals. More particu-
larly, a right ventricular shock channel signal may be detected
as a voltage developed between the RV-coil 114 and the
SVC-coil 116. A right ventricular shock channel signal may
also be defected as a voltage developed between the RV-coil
114 and the can electrode 209. In another configuration the
can electrode 209 and the SVC-coil electrode 116 may be
electrically shorted and a RV shock channel signal may be
detected as the voltage developed between the RV-coil 114
and the can electrode 209/SVC-coil 116 combination.

Outputs from the right ventricular sensing circuit 232 are
coupled to the control system 220. In one embodiment of the
invention, rate channel signals and shock channel signals may
be used to develop morphology templates for analyzing car-
diac signals. In this embodiment, rate channel signals and
shock channel signals may be transferred from the right ven-
tricular sensing circuit 232 to the control system 220 and to a
template processor 224 where the morphological character-
istics of a cardiac signal are analyzed. The template processor
224 works in combination with the control system 220 and the
memory 270 to generate and maintain various types of tem-
plates, including, for example, templates used for arrhythmia
discrimination as well as cardiac response classification as
described in more detail below.

Left atrial cardiac signals may be sensed through the use of
one or more left atrial electrodes 115, 118, which may be
configured as epicardial electrodes. A left atrial sensing cir-
cuit 235 serves to defect and amplify electrical signals from
the left atrium of the heart. Bipolar sensing and/or pacing in
the left atrium may be implemented, for example, using the
LA distal electrode 118 and the LA proximal electrode 115.
Unipolar sensing and/or pacing of the left atrium may be
accomplished, for example, using the LA distal electrode 118
to can vector 209 or the LA proximal electrode 115 to can
vector 209.

A left ventricular sensing circuit 236 serves to detect and
amplify electrical signals from the left ventricle of the heart.
Bipolar sensing in the left ventricle may be implemented, for
example, by sensing voltages developed between the LV dis-
tal electrode 113 and the LV proximal electrode 117. Unipolar
sensing may be implemented, for example, by sensing volt-
ages developed between the LV distal electrode 113 or the LV
proximal electrode 117 to the can electrode 209.

Optionally, an LV coil electrode (not shown) may be
inserted into the patient’s cardiac vasculature, e.g., the coro-
nary sinus, adjacent the left heart. Signals detected using
combinations of the LV electrodes, 113, 117, LV coil elec-
trode (not shown), and/or can electrodes 209 may be sensed
and amplified by the left ventricular sensing circuitry 238.
The output of the left ventricular sensing circuit 236 is
coupled to the control system 220.

The outputs of the switching matrix 210 may be operated to
couple selected combinations of electrodes 111, 112, 113,
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114, 115, 116, 117, 118, 156, 154 to an evoked response
sensing circuit 237. The evoked response sensing circuit 237
serves to sense and amplify voltages developed using various
combinations of electrodes for cardiac response classification
in accordance with embodiments of the invention.

In the embodiments described below, various combina-
tions of pacing and sensing electrodes may be utilized in
connection with pacing and sensing the cardiac signal follow-
ing the pace pulse to classify the cardiac response to the
pacing pulse. In various embodiments a first electrode com-
bination is used for pacing a heart chamber and a second
electrode combination is used to sense the cardiac signal
following pacing. In other embodiments, the same electrode
combination is used for pacing and sensing.

Sensing the cardiac signal following a pacing pulse using
the same electrode combination for both pacing and sensing
may yield a sensed cardiac signal including a pacing artifact
component associated with residual post pace polarization at
the electrode-tissue interface. The pacing artifact component
may be superimposed on a smaller signal indicative of the
cardiac response to the pacing pulse, i.e., the evoked
response. The pacing output circuitry may include a coupling
capacitor to block DC components from the heart and to
condition the pacing stimulus pulse. A relatively large cou-
pling capacitor may cause a larger pacing artifact that decays
exponentially over a relatively long period of time.

The presence of a large pacing artifact signal may compli-
cate the classification of the cardiac response to pacing. Vari-
ous embodiments of the invention are directed to methods
involving detection of a cardiac signal following pacing and
canceling the pacing artifact from the detected signal. Clas-
sification of the cardiac response to pacing is implemented
using the pacing artifact cancelled signal. Cancellation of the
pacing artifact in cardiac response classification is particu-
larly important when the same or similar electrode combina-
tions are used both for delivering pacing pulses and for sens-
ing the cardiac signals following the delivery of the pacing
pulses. Cancellation of the pacing artifact may also be ben-
eficial when a first electrode combination is used for pacing
the heart chamber and a different electrode combination is
used to sense the subsequent cardiac response.

In various embodiments described herein a first electrode
combination may be used for pacing the heart chamber and a
second electrode combination used for sensing the cardiac
signals following the pace for cardiac response classification.
If different electrode combinations are used for pacing and
sensing, a temporal separation between the cardiac response
signal, e.g., the evoked response, and the pacing artifact may
facilitate classification of the cardiac response to pacing. The
temporal separation occurs due to the propagation delay of
the depolarization wavefront initiated at the pacing electrode
and traveling to a sensing electrode that is physically spaced
apart from the pacing electrode. The temporal separation of
the cardiac response signal and the pacing artifact may be
sufficient to obviate cancellation of the pacing artifact. Use of
different electrodes for pacing and sensing in connection with
detection of an evoked response is described in commonly
owned U.S. Pat. No. 6,128,535 which is incorporated herein
by reference. Various embodiments herein describe classify-
ing the cardiac response as one of at least three cardiac
response types. In accordance with embodiments of the
invention, the cardiac response types may include, for
example, a captured response, a non-captured response, a
non-captured response plus an intrinsic beat, a near non-
captured response, and a fusion/pseudofusion beat.

The pacemaker control circuit 222, in combination with
pacing circuitry for the left atrium, right atrium, left ventricle,
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and right ventricle 241, 242,243, 244, may be implemented to
selectively generate and deliver pacing pulses to the heart
using various electrode combinations. The pacing electrode
combinations may be used to effect bipolar or unipolar pacing
of the heart chambers as described above

As desctibed above, bipolar or unipolar pacing pulses may
be delivered to a head chamber using one of the pacing
vectors as described above. The electrical signal following
the delivery of the pacing pulses may be sensed through
various sensing vectors coupled through the switch matrix
210 to the evoked response sensing circuit 237 and used to
classify the cardiac response to pacing.

The vector used to sense the cardiac signal following the
pacing pulse may be different from the vector that was used to
deliver the pacing pulse. The sensing vector may be selected
to minimize the pacing artifact. Cancellation of the pacing
artifact may not be necessary if the pacing artifact is suffi-
ciently minimized using this technique.

In one embodiment, the cardiac signal sensed using a sens-
ing vector different from the pacing vector may be used to
detect fusion/pseudofusion beats. In another embodiment,
the cardiac signal sensed using a sensing vector different from
the pacing vector may be used to classify the cardiac response
as one of at least three cardiac response types. For example,
the cardiac response to the pacing stimulation may be classi-
fied as one ofa captured response, a non-captured response, a
non-captured response and an intrinsic beat, and a fusion/
pseudofusion beat. If noise is detected prior to the cardiac
response classification, the cardiac response classification
process may be cancelled.

Invarious embodiments, the pacing pulse may be delivered
using electrodes associated with a near-field vector and the
sensing vector may be a far-field vector. In an example of right
ventricular pacing and cardiac response sensing, the pacing
vector may be the rate channel vector and the sensing vector
may be the shock channel vector.

In one example, cardiac response classification may be
accomplished by comparing the cardiac signal to one or more
references to classify the cardiac response. For example the
cardiac response may be classified by comparing the cardiac
signal to an amplitude reference, a slope or rise time refer-
ence, a curvature reference, a peak width referernce, among
other reference types. In addition, samples or features of the
cardiac signal may be compared to a template to classify the
cardiac response.

In another example, the cardiac response classification
may be accomplished using multiple classification windows
defined following delivery of the pacing pulse as described in
greater detail below.

Possible sensing vectors for effecting cardiac response
classification in accordance with embodiments of the inven-
tion may include, for example, RV-tip 112 and RV-coil 114,
RV-coil 114 and LV distal electrode 113, RV coil 114 and LV
proximal electrode 117, RV-coil 114 and can 209, RV-coil
114 and SVC coil 116, RV-coil 114 and SVC coil 116 tied and
the can 209, RV-coil 114 and A-ring 154, RV-coil 114 and
RA-tip 156, LV distal electrode 113 and LV proximal elec-
trode 117, LV distal electrode 113 and can 209, LV distal
electrode 113 and SVC coil 116, LV distal electrode 113 and
A-ring 154, LV distal electrode 113 and RA-tip 156, LV
proximal electrode 117 and can 209, LV proximal electrode
117 and SVC coil 116, LV proximal electrode 117 and A-ring
164, LV proximal electrode 117 and RA-tip 156, SVC coil
116 and can 209, RA-ring 154 and can 209, RA-tip 156 and
can 209, SVC coil 116 and A-ring 154, SVC coil 116 and
RA-tip 156 and RA-ring 154 and RA-tip 156. This list is not
exhaustive and other sensing vector combinations may be



US 8,843,199 B2

13

developed to implement cardiac response classification in
accordance with embodiments of the invention. For example,
other combinations may include a coronary sinus electrode,
an indifferent electrode, a leadless ECG electrode, cardiac
epicardial electrodes, subcutaneous electrodes, and/or other
electrodes.

Approaches for using leadless ECG electrodes for capture
detection are described in U.S. Pat. No. 5,222,493, which is
incorporated by reference in its entirety.

Subcutaneous electrodes may provide additional sensing
vectors useable for cardiac response classification. In one
implementation, cardiac rhythm management system may
involve a hybrid system including first device, e.g. a pace-
maker coupled to an intracardiac lead system, configured to
pace the heart, and a second device, e.g. a defibrillator
coupled to a subcutaneous lead system, configured to perform
functions other than pacing. The second device may be
employed to detect and classify cardiac responses to pacing
based on signals sensed using subcutaneous electrode arrays.
The first and second devices may operate cooperatively with
communication between the devices occurring over a wire-
less link, for example. Examples of subcutaneous electrode
systems and devices are described in commonly owned U.S.
patent applications Ser. No. 10/462,001, filed Jun. 13, 2003
and Ser. No. 10/465,520, filed Jun. 19, 2003 which are incor-
porated by reference herein in their respective entireties.

For right ventricular pacing, bipolar pacing may be deliv-
ered using the RV-tip electrode 112 and the RV-ring electrode
111. Unipolar pacing may be delivered using the RV-tip 112
to can 209 vector. The preferred sensing electrode combina-
tions for cardiac response classification following RV pacing
include RV-coil 114 to SVC-coil 116 tied to the can electrode
209, RV-coil 114 to can electrode 209, and, if the system
includes an left ventricular lead, LV distal electrode 113 to LV
proximal electrode 117.

In an example of left ventricular pacing, bipolar pacing
pulses may be delivered to the left ventricle between the LV
distal electrode 113 and the LV proximal electrode 117. In
another example, unipolar pacing pulses may be delivered to
the left ventricle, for example, between the LV distal elec-
trode 113 and the can 209. The cardiac signal following the
delivery of the pacing pulses may preferably be sensed using
the LV proximal electrode 117 and the can 209.

In an example of right atrial pacing, bipolar pacing pulses
may be delivered to the right atrium between the RA-tip
electrode 156 and the RA-ring electrode 154. In another
example, unipolar pacing pulses may be delivered to the right
atrium, for example, between the RA-tip electrode 156 and
the can electrode 209. For unipolar right atrial pacing, the
preferred electrode combination for sensing cardiac signals
following pacing for cardiac response classification com-
prises the RA-ring 154 to indifferent electrode.

In an example of left atrial pacing, bipolar pacing pulses
may be delivered to the left atrium between the LA distal
electrode 118 and the LA proximal electrode 115. In another
example, unipolar pacing pulses may be delivered to the left
atrium, for example, between the LA distal electrode 118 and
the can electrode 209. The cardiac signal following the deliv-
ery of the pacing pulses and used for cardiac response clas-
sification may preferably be sensed using the RA-tip 158 to
RA-ring 154 vector.

In one embodiment of the invention, a switching matrix
210 is coupled to the RA-tip 156, RA-ring 154, RV-tip 112,
RV-coil 114, LV distal electrode 113, LV proximal electrode
117, SVC coil 116, LA distal electrode 118, LA proximal
electrode 115, indifferent, and can 209 electrodes. The
switching matrix 210 may be arranged to provide connections

10

15

20

25

30

35

40

45

50

55

60

65

14

to various configurations of pacing and defibrillation elec-
trodes. The outputs of the switching matrix 210 are coupled to
an evoked response (ER) sensing circuit 237 that serves to
sense and amplify cardiac signals detected between the
selected combinations of electrodes. The detected signals are
coupled through the ER amplifier 237 to a cardiac response
classification processor 225. The cardiac response classifica-
tion processor 225 includes circuitry configured to classify a
cardiac response to a pacing stimulation, including, for
example, classifying a captured response, a non-captured
response, an intrinsic beat added to a non-captured response,
and a fusion/pseudofusion response, in accordance with the
invention.

FIGS. 2B and 2C illustrate more detailed examples of
pacing and sensing circuitry, respectively, that may be used
for cardiac pace/sense channels of a pacemaker in accordance
with embodiments of the invention. It will be appreciated that
the example pacing and sensing circuits illustrated in FIGS.
2B and 2C may be arranged to achieve the pacing and sensing
vectors described above.

In example embodiments of the invention, the pacing cir-
cuit of FIG. 2B includes a power supply or battery 261, a first
switch 262, a second switch 264, a pacing charge storage
capacitor 263, coupling capacitor 265, and a pacer capacitor
charging circuit 269 all of which are cooperatively operable
under the direction of a controller of known suitable construc-
tion. The power supply or battery 281 is preferably the battery
provided to power the pacemaker and may comprise any
number of commercially available batteries suitable for pac-
ing applications. The switches 262, 264 may be implemented
using any number of conventionally available switches. The
pacing capacitor charging circuit 269 includes circuitry to
regulate the voltage across the pacing charge storage capaci-
tor 263.

The pacing charge storage capacitor 263 may also com-
prise any number of conventional storage capacitors that can
be used to develop a sufficient pacing charge for stimulating
the heart. The primary function of the coupling capacitor 265
is to block any DC signal from reaching the heart during
pacing and additionally to attenuate the polarization voltage
or “afterpotential” that results from pacing. The coupling
capacitor 265 may have a capacitance, for example, in the
range of about 2 microfarads to about 22 microfarads. Energy
stored in the pacing charge storage capacitor 263 may be
delivered to the heart 268 using various combinations of
cardiac electrodes 266, 267, as described above.

FIG. 2C illustrates a block diagram of circuit 295 that may
be used to sense cardiac signals following the delivery of a
pacing stimulation and classify the cardiac response to the
pacing stimulation according to embodiments of the inven-
tion. A switch matrix 284 is used to couple the cardiac elec-
trodes 271, 272 in various combinations discussed above to
the sensing portion 270 of the cardiac response classification
circuit 295. The sensing portion 270 includes filtering and
blanking circuitry 275, 277, sense amplifier 285, band pass
filter 281, and analog to digital converter 282. The analog to
digital converter 282 is coupled to a cardiac response classi-
fication processor 283.

A control system, e.g., the control system 220 depicted in
FIG. 2A, is operatively coupled to components of the cardiac
response classification circuit 295 and controls the operation
of the cardiac response classification circuit 280, including
the filtering and blanking circuits 275, 277. Following a
blanking period of sufficient duration following delivery of
the pacing stimulation, the blanking circuitry 275, 277 oper-
ates to allow detection of a cardiac signal responsive to the
pacing stimulation. The cardiac signal is filtered, amplified,
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and converted from analog to digital form. The digitized
signal is communicated to the cardiac response classification
processor 283 which operates in cooperation with other com-
ponents of the control system 220, FIG. 24, including the
template processor 241, FIG. 2A, to classify cardiac
responses to pacing according to embodiments of the inven-
tion.

When pacing pulses delivered to the heart produce a depo-
larization wave in cardiac tissue resulting in a cardiac con-
traction, a captured response may be detected by examining
the cardiac signal following the delivery of the pacing pulse.
FIG. 3 is a graph illustrating the output of the sensing portion
270 of the cardiac response classification circuit 295 of FIG.
2C in which the cardiac signal consistently indicates capture
following a sequence of pacing pulses. In this example, a
pacing pulse is delivered to the heart using the RV-tip and
RV-coil electrodes, also referred to herein as a right ventricu-
lar rate channel. The cardiac signal following a right ventricu-
lar pace is sensed using a RV-coil to SVC-coil+can sensing
vector, also referred to herein as the shock channel. FIG. 4
provides superimposed graphs of a captured response 430
and non-captured intrinsic response 420 when the pacing
pulse is delivered on the RV rate channel and the cardiac
signal following pacing is sensed on the RV shock channel.

As previously discussed, if a first vector, e.g., rate channel
vector RV-tip to RV-coil, is used to deliver a pacing pulse and
a second vector, e.g., shock channel vector RV-coil to SVC-
coil or RV-coil to SVC-coil+can, is used to sense the cardiac
signal responsive to the pacing pulse, the pacing artifact is
separated from the evoked response due to a propagation
delay from RV-tip to RV-coil. FIG. 5 is a graph illustrating a
signal 520 sensed on a right ventricular (RV) shock channel
vector following a pacing pulse 510 delivered on a rate chan-
nel. The cardiac signal 520 exhibits a propagation delay 530,
for example, a propagation delay of about 55 ms, between the
pacing pulse 510 and the portion of the cardiac signal indi-
cating a captured response 540.

FIG. 6A is a flowchart illustrating a method used for detec-
tion of fusion/pseudofusion beats in accordance with embodi-
ments of the invention. A plurality of electrodes electrically
coupled to a heart is provided 650. A pacing pulse stimulation
is delivered 655 to the heart using a first electrode combina-
tion.

For example, the pacing stimulation may be delivered to
the right ventricle, the left ventricle, the right atrium, or the
left atrium.

In one example, the pacing a pulse may be delivered to the
heart using electrodes associated with a near-field vector, e.g.,
RV rate channel. The cardiac signal following the pacing
pulse is sensed 660 using a second electrode combination. For
example, if the pacing pulse is delivered on a near-field vector
(RV rate channel) as described above, the cardiac response
may be sensed using a far-field vector (RV shock channel
vector). A fusion/pseudofusion beat may be detected 665
using the sensed cardiac signal.

FIG. 6B is a flowchart illustrating a method of cardiac
response classification m accordance with embodiments of
the invention. A plurality of electrodes electrically coupled to
a heart are provided 670. A pacing pulse is delivered 876 to
the heart using a first electrode combination. For example, the
pacing pulse may be delivered to the heart using a near-field
vector, e.g., RV rate channel. The cardiac signal following the
pacing pulse is sensed 680 using a second electrode combi-
nation. For example, if the pacing pulse is delivered on a
near-field vector (RV rate channel) as described above, the
cardiac response may be sensed using a far-field vector (RV
shock channel vector). The cardiac response may be classi-
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fied as one of at least three cardiac response types. The cardiac
response types may include, for example, a captured
response, a non-captured response, a non-captured response
plus an intrinsic beat, a near non-captured response, and a
fusion/pseudofusion beat.

Classification of a cardiac response to pacing may be
accomplished using a multiple classification window
approach. Classification of a cardiac response to pacing in
accordance with embodiments of the invention involves ana-
lyzing one or more features of the cardiac signal sensed
following a pacing stimulation with respect to multiple clas-
sification windows. The cardiac response to pacing may be
determined based on one or more characteristics of the car-
diac signal and the one or more classification windows in
which the one or more characteristics are detected.

FIG. 6C is a flowchart illustrating a method of classifying
a cardiac response using multiple classification windows in
accordance with embodiments of the invention. In accor-
dance with this method, a pacing pulse is delivered using a
first electrode combination and plurality of response classifi-
cation windows are defined 610 subsequent to delivery of a
pacing pulse. A cardiac signal following the pacing pulse is
sensed 620 using a second electrode combination. A charac-
teristic of the cardiac signal, for example, magnitude, slope or
sequence of morphological feature points, is detected 630 in
a particular classification window of the plurality of classifi-
cation windows. The cardiac response is classified 640 based
on the detected characteristic and the particular classification
window in which the characteristic is detected.

Although the flowchart of FIG. 6C describes classification
ofacardiac responsebased on the detection of a characteristic
ofthe cardiac signal within a particular classification window,
any number of characteristics of the cardiac signal detected in
any number of classification windows may be used to classify
the cardiac response according to the principles of invention.
Although in various examples provided herein, the classifi-
cation windows are contiguous and non-overlapping, the
classification windows may be overlapping and/or may
involve a delay interval defined between classification win-
dows.

FIG. 7A illustrates the establishment of a set of classifica-
tion windows relative and subsequent to the pacing stimula-
tion. In this example, three classification windows 720, 730,
740 are established based on a selected characteristic of a
captured response template. A captured response (CR) tem-
plate exemplifies a waveform representative of a captured
response. The CR template may be derived from a waveform
that is produced when a pacing pulse captures the heart, and
may include both the evoked response and the superimposed
pacing artifact. A CR template may comprise, for example, a
sequence of samples or feature points of a cardiac signal
representing a captured response. Multiple cardiac response
classification windows may be defined based on features of
the CR template.

Initial generation of a CR template may be implemented by
delivering pacing pulses to the heart at an energy greater than
the capture threshold. Delivery of pacing pulses at a high
energy level may be performed, for example, during a capture
threshold test. A capture threshold test may involve pacing a
selected heart chamber at an initially high energy level and
ramping down the pacing energy until loss of capture is
detected. Pacing pulses delivered early in the capture thresh-
old test have energy levels exceeding the capture threshold,
and produce cardiac signals indicative of captured beats. The
pacing pulses may be delivered using a first vector and the
cardiac signals following pacing may be sensed using a sec-
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ond vector. Cardiac signals representing one of more captured
cardiac beats may be used to form the CR template.

FIG. 7B is a flowchart illustrating a method of forming a
CR template in accordance with embodiments of the inven-
tion. Pacing pulses are delivered 760 to a heart chamber using
a first electrode combination at a pacing energy exceeding the
capture threshold for the chamber. The cardiac signal follow-
ing delivery of the pacing pulse is sensed 765 using a second
electrode combination. If the sensed cardiac signal is the first
acquired signal 766, the cardiac signal is used 768 to form an
initial CR template. If the sensed cardiac signal is not the first
acquired signal 766, then the sensed cardiac signal is com-
pared 770 to the existing CR template. If the sensed cardiac
signal is consistent 770 with the CR template, then it is
combined 775 with the CR template. A cardiac signal may be
considered to be consistent with a template if the features,
samples, or other morphological characteristics of the cardiac
signal are determined to be sufficiently similar to the template
features, samples, or morphological characteristics. If a car-
diac signal is sufficiently similar to a template representative
of a particular type of cardiac beat, then the cardiac signal
may be classified as the particular type of beat. Various tech-
niques may be used to compare a template and a cardiac
signal, including the correlation techniques described herein.

In some implementations, the cardiac signal may be com-
bined with the CR template by averaging the cardiac signal
and the CR template sample by sample, or by other averaging
methods. In other implementations, different methods of
combining the cardiac signal with the template may be used.
If more beats are available 780 for CR template generation
then the process of blocks 760-775 is repeated. If no more
beats are available for CR template generation, then the CR
template generation process is complete 785.

In one implementation, the comparison between an exist-
ing CR template and a sensed cardiac signal may be accom-
plished by calculating a correlation coefficient (CC) compar-
ing the sensed cardiac signal and the CR template using a
technique such as Correlation Waveform Analysis (CWA).
According to this technique, a correlation coefficient (CC)
may be calculated to compare the sensed cardiac signal to the
CR template sample by sample. In one particular embodi-
ment, Equation 1 is used to compute the CC between the
samples of a cardiac signal sensed following a pacing pulse
and the CR template samples.

Ni XY - [ZN‘J X,]

i=1 i=1
/ N N
Z X‘

where, X, represents template N samples and Y, represents
cardiac signal M samples in this illustrative example. Typi-
cally, the number of samples associated with each waveform
or template is about 33 samples. If the correlation coefficient
is greater than a predetermined value, for example, about
0.71, the cardiac signal is considered to represent a captured
response signal and may be combined with the CR template.

In another implementation, features used to form an exist-
ing CR template and features of a sensed cardiac signal may
be compared by calculating a feature correlation coefficient
(FCC). The FCC may be determined, for example, using
every fourth sample of the cardiac signal and the captured
response template. For example, Equation 2, provided below,
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may be used to compute the FCC between selected CR tem-
plate features and cardiac signal features:

]2 (2]

J rioe-(3)]

where, X, represents CR template N features and Y, represents
beat N features. The sign of the numerator term is checked
before squaring. If the numerator is negative, the beat is
uncorrected, and the remainder of the computation need not
be performed.

If the FCC is greater than a predetermined value, for
example 0.94, then the cardiac beat is correlated to the CR
template. Ifthe FCC s less than or equal to the predetermined
value, then the cardiac beat is uncorrected to the template.

The CR template may be periodically updated using car-
diac signals classified as captured responses. Updating the
CR template allows the CR template to adapt to slow varia-
tions in the patient’s captured response over time. Updating
the CR template may be accomplished by averaging, or oth-
erwise combining, the samples or feature points of an existing
CR template with corresponding samples or feature points of
cardiac signals representing captured response beats.

If the CR template is updated, the classification windows
based on CR template features or morphology may also be
updated. For example, the timing of a classification window
based on a CR template feature may be modified to accom-
modate an updated timing of the CR template feature. Fur-
ther, the duration of one or more of the classification windows
may be modified based on updated information with respect
to the CR template morphology.

In one implementation, a CR template may be formed or
updated during a capture threshold test. The test may deliver
pacing pulses to the heart at an initially high pacing energy
and ramp down the pacing energy over a series of pulses until
aloss of capture is defected. A CR template may be formed or
updated using the cardiac signals associated with captured
responses following delivery of high energy pace pulses to the
heart during capture threshold testing.

Returning to FIG. 7A, establishment of classification win-
dows used to classify a cardiac signal following a pacing
pulse is further described. In this example, classification win-
dows may be established based on a feature or features of the
captured response (CR) template. As illustrated in FIG. 7A, a
first classification window 730 may be established based on
the time 750 of a selected characteristic of a captured
response (CR) template. In one example, the first classifica-
tion window 730 is established based on a timing of the peak
of the CR template, although other characteristics such as
slope, curvature, amplitude, rise time or fall time may be
used. The first classification window 730 represents a time
interval defined in relation to the timing of the selected char-
acteristic of the CR template 750 from a pacing stimulation
710. In the example illustrated in FIG. 7A, the first classifi-
cation window 730 comprises a time interval, e.g., a time
interval of about 20 ms, centered at the time 750 of the
selected CR template characteristic with respect to the time of
the delivery of the pacing pulse.

In this example, a second classification window 720 may
be defined subsequent to the time 710 of the delivery of the
pacing pulse and prior to the beginning of the first classifica-
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tion window 730. A third classification window 740 may be
defined following the end of the first classification window
730.

The classification windows may be defined for example,
following a blanking period 760 that is initiated subsequent to
the delivery 710 of the pacing pulse. The blanking period 760
may comprise an interval of less than about 40 ms, or other
value, for example. The first, second and third classification
windows may comprise a total time interval of less than about
200 ms, for example.

FIGS. 7A and 7B and the associated discussion illustrate
methods of defining classification windows using a captured
response (CR) template characteristic, e.g., the CR template
peak in accordance with embodiments of the invention. Such
a technique may be particularly useful if different pacing and
sensing vectors are used to reduce the effect of the pacing
artifact. Classification of a cardiac response using multiple-
classification windows may be enhanced using cancellation
of the pacing artifact.

FIGS. 7C and 7D illustrate a method of cardiac response
classification involving cancellation of the pacing artifact
from the sensed cardiac signal in accordance with various
embodiments of the invention. According to this approach, a
pacing artifact template representative of the pacing artifact is
determined. The captured response template may be deter-
mined as described above. The pacing artifact template is then
cancelled from the captured response template. Cancellation
of the pacing artifact template from the captured response
template defines a template representative of the evoked
response (ER), i.e., the portion of the cardiac signal repre-
senting the evoked response without the superimposed pacing
artifact. Multiple cardiac response classification windows
may be defined based on a feature or features of the ER
template.

For a paced beat, classification of a cardiac response to the
pacing stimulation involves canceling the pacing artifact tem-
plate from the cardiac signal sensed following a pacing pulse.
One or more features of the pacing artifact cancelled signal
may be analyzed with respect to the multiple classification
windows. The cardiac response may be determined based on
afeature of the pacing artifact cancelled cardiac signal and the
classification window in which the feature is detected.

As illustrated in FIG. 7C, a first classification window 735
may be established based on the time 755 of a selected char-
acteristic of an evoked response (ER) template. In one
example, the first classification window 735 is established
based on a peak of the ER template, although other charac-
teristics such as slope, curvature, amplitude, rise time or fall
time may be used. The first classification window 735 repre-
sents a time interval defined in relation to the timing of the
selected characteristic of the ER template 755 from a pacing
stimulation 715. In the example illustrated in FIG. 7C, the
first classification window 735 comprises a timeinterval, e.g.,
atime interval of about 20 ms, centered at the time 755 of the
selected ER template characteristic.

In this example, a second classification window 725 is
established subsequent to the time 715 of the delivery of the
pacing pulse and prior to the beginning of the first classifica-
tion window 735. A third classification window 745 may be
established following the end of the first classification win-
dow 735.

FIG. 7D s a flowchart illustrating a method of providing an
evoked response template for use in cardiac response classi-
fication in accordance with embodiments of the invention. In
this example, the heart is stimulated by pace pulses having a
voltage greater than the capture threshold. The resultant cap-
tured cardiac responses are sensed and averaged to form a

10

15

20

25

30

35

40

45

50

55

60

65

20

captured response template. A pacing artifact template is
subtracted or otherwise cancelled from the captured response
template to produce an evoked response template.

Turning to the flowchart of FIG. 7D, a pacing artifact
template is provided at block 786. Generation of the pacing
artifact template is described in connection with FIG. 7E
below. A captured response template may be determined 787
by delivering a predetermined number of pace pulses at a
pacing voltage greater than the capture threshold as described
in connection with FIG. 7B above. The pacing artifact tem-
plate may be normalized 792 with respect to the captured
response template. Following normalization, the pacing arti-
fact template is canceled from the captured response template
783. For example, the pacing artifact template may be can-
celed by subtracting the pacing artifact template from the
captured response template sample by sample. The result of
the subtraction of the pacing artifact template from the cap-
tured response template may be stored 794 as an evoked
response template. The evoked response template may be
used in subsequent cardiac response classification proce-
dures.

In another embodiment, the pacing artifact template may
be normalized and canceled from a number of captured
response beats. The pacing artifact template canceled beats
may then be averaged to produce the evoked response tem-
plate.

FIG. 7E illustrates a method of generating a pacing artifact
template according to embodiments of the invention. In the
exemplary embodiment illustrated by FIG. 7E, a number of
pace pulses are delivered 788 to generate pacing artifact
waveforms. The pace pulses are delivered in such a way that
capture does not occur. The resultant cardiac signal may
represent a relatively pure pacing artifact waveform without a
superimposed evoked response. Pacing artifact signals with-
out an associated evoked response may be produced by deliv-
ering 769 pace pulses at an energy level lower than the pacing
threshold. Alternatively, the pace pulses may be delivered 770
during a myocardial refractory period. The myocardial
refractory period represents a time when the heart tissue is
recovering from a previous cardiac beat. A pace pulse deliv-
ered during the myocardial refractory period typically does
not produce an evoked response in the heart tissue, thus a
pacing artifact waveform may be acquired.

Following delivery 768 of a pace pulse using either of the
above methods described in connection with blocks 769 or
770, a pacing artifact waveform is sensed 771. The pacing
artifact waveform may be averaged with previously acquired
pacing artifact waveforms 772, if any. The process of gener-
ating a pace pulse and defecting the resultant pacing artifact
waveform 768-772 may be repeated until a predetermined
number of pacing artifact waveforms has been acquired 773.
When a sufficient number of pacing artifact waveforms has
been acquired 773, the average pacing artifact waveform is
stored 774 as the pacing artifact template.

The pacing artifact may exhibit small variations in mor-
phology with respect to pace pulse amplitude. Accordingly,
the use of multiple pacing artifact templates corresponding to
various pace pulse amplitudes may provide a more thorough
cancellation of the pacing artifact over a range of pace pulse
amplitudes, e.g., as used in a pacing threshold test. The
method illustrated in FIG. 7E may be applied to generate
pacing artifact templates for each pacing pulse amplitude of
interest.

Alternatively, or additionally, a set of two or more pacing
artifact templates may be generated, wherein a particular
pacing artifact template characterizes the pacing artifact asso-
ciated with a small range of pace pulse amplitudes. A pacing
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artifact template for a pace pulse range can be formed by
combining pacing artifact waveforms from various pace
pulse amplitudes within the range using, for example, an
averaging operation. The pacing artifact template for a pace
pulse range may also be formed by selecting a pacing artifact
waveform at a single pace pulse amplitude, e.g., a pacing
artifact waveform for a pulse amplitude near the center of the
range to be characterized. The set of pacing artifact templates
correspond to the entire pace pulse amplitude range to be
evaluated.

The artifact waveform measurement may be accomplished
during the refractory period of the myocardium. Pace pulses
delivered during the refractory period produce pacing artifact
waveforms without the evoked response components. The
timing of the pace pulse delivered for pacing artifact mea-
surement in the myocardial refractory period should be
selected to be before the vulnerable period of the myocardium
to avoid pro-arthythmia, and after the deflections from the
myocardial response from the previous cardiac event in the
chamber have passed, e.g., 80 ms after the preceding cardiac
event.

Processes for CR template formation, ER template forma-
tion, and pacing artifact template formation are described in
commonly owned U.S. patent applications Ser No. 10/335,
599, filed Dec. 31, 2002, and Ser. No. 10/335,534, filed Dec.
31,2002, both of which are incorporated herein by reference.

The flowchart of FIG. 8A illustrates a method of cardiac
response classification utilizing a captured response (CR)
template to define multiple classification windows according
to embodiments of the invention. A captured response tem-
plate is provided 810, for example, using a technique such as
the one described above. The timing of a selected character-
istic of the CR template is determined 812 relative to a pacing
stimulation. A pacing pulse is delivered 814 and cardiac
response classification windows are established 816 based on
the timing of the selected CR template characteristic, as illus-
trated in FIG. 9. A cardiac signal following the pacing pulse is
sensed 818. A first cardiac signal characteristic is defected
820 in the first classification window and a second cardiac
signal characteristic may fee detected 822 in the second clas-
sification window.

The first characteristic is compared 824 to a first reference.
If the first characteristic is consistent with the first reference,
then the cardiac response is classified 8§26 as a first type of
response. If the first characteristic is inconsistent with the
reference, then the second characteristic may be checked.

The second characteristic is compared 828 to a second
reference. If the second characteristic is inconsistent with the
second reference, the cardiac signal is classified 830 as a
second type of response. If the second characteristic is con-
sistent 832 with the second reference, then the cardiac signal
is classified as a third type of response.

This example is furtherillustrated by the graph of FIG. 9. A
plurality of classification windows 950, 960, 970 are estab-
lished relative to a pacing pulse 910 based on the timing of a
selected characteristic of the CR template. For example, the
selected characteristic may comprise an extreme point, slope,
curvature or other morphological feature characteristic of the
CR template. A cardiac signal 940 following the pacing pulse
is illustrated with respect to three established classification
windows 950, 960, 970. A first characteristic 980, in this
example, a positive peak, is detected in the first classification
window 980. A second characteristic, e.g., negative peak 990
is detected in the second classification window 950. The first
and the second characteristics 980, 990 may be compared to
references and the cardiac response classified as described in
connection with the flowchart of FIG. 8A.
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The flowchart of FIG. 8B illustrates a method of cardiac
response classification using an evoked response template to
define multiple classification windows in accordance with
embodiments of the invention. An evoked response (ER)
template and a pacing artifact template are provided 840, for
example, using the techniques described above. The timing of
aselected characteristic of the ER template is determined 842
relative to a pacing stimulation. A pacing pulse is delivered
844 and first and second classification windows are estab-
lished 846 based on the timing of the selected ER template
characteristic. A cardiac signal following the pacing pulse is
sensed 848. The pacing artifact template is subtracted from
the sensed cardiac signal 850. Using the pacing artifact can-
celled cardiac signal, a first cardiac signal characteristic is
detected 852 in the first classification window and a second
cardiac signal characteristic is detected 854 in the second
classification window.

The first characteristic is compared 856 to a first reference.
If the first characteristic is consistent with the first reference,
then the cardiac response is classified 8§60 as a first type of
response. If the first characteristic is inconsistent with the
reference 856, then the second charactetristic is checked 862.

The second characteristic is compared to a second refer-
ence 862. If the second characteristic is inconsistent 862 with
the second reference, the cardiac signal is classified as a
second type of response 864. If the second characteristic is
consistent with the second reference 862, then the cardiac
signal is classified as a third type of response 866.

The cardiac response classification processes described
herein may be implemented in an autocapture process
wherein capture of the heart is verified on a beat-by-beat basis
during pacing. If a pacing stimulation does not produce a
captured response, a variety of interventions may be effected,
including, for example, delivering a back-up pacing stimula-
tion at a higher energy level and/or initiating a capture thresh-
old test to determine the capture threshold of the cardiac
tissue. In accordance with embodiments of the invention, a
method for performing cardiac response classification that is
particularly suitable for implementation in an autocapture
process is illustrated in the flowchart of FIG. 10. Although the
process described in FIG. 10 is described in connection with
an autocapture procedure, the process may be advantageously
applied in other procedures to accomplish cardiac response
classification.

Classification windows are defined 1010 based on the tim-
ing of the peak of the CR template. A cardiac signal following
a pacing stimulation is sensed 1020. The peak of the sensed
cardiac signal is detected 1030 in one of the classification
windows. Classification of the cardiac response is performed
1040 based on the amplitude of the peak and the particular
classification window in which the peak is sensed.

FIG. 11 is a graph illustrating the implementation of clas-
sification windows that may be established in connection
with the method of FIG. 10. In this example, three classifica-
tion windows 1130, 1140, 1150 are established based on the
liming of the peak of the CR template 1120 relative to the
timing of the delivery of the pacing stimulation 1110. In this
example, afirst classification window 1130 is associated with
a fusion/pseudofusion response, the second window 1140 is
associated with a captured response, and the third window
1150 is associated with intrinsic beats. The second classifi-
cation window 1140 may be centered about the timing of the
CR template peak 1120 and includes predetermined intervals
before 1125 and after 1126 the CR template peak 1120, e.g,,
intervals of about 10 ms.

The flowchart of FIG. 12 illustrates a method of classifying
acardiac response using the classification windows described
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in FIG. 11. A CR template is generated 1210 and the timing of
the peak of the CR template is determined. A pacing stimu-
lation is delivered 1215. Classification windows, including a
fusion/pseudofusion window, a captured response window
and a non-captured response window, are established 1220
based on the timing of the CR template peak relative to the
pacing stimulation. The peak of a cardiac signal sensed fol-
lowing the pacing stimulation is detected 1225 in one of the
classification windows.

If the cardiac signal is determined to be noisy 1226, then
cardiac response classification is not performed for the pacing
stimulation and the process continues. Commonly owned
U.S. Pat. No. 6,505,071, which is incorporated herein by
reference, describes methods and systems that may be uti-
lized for noise defection in the context of the cardiac response
classification processes in accordance with embodiments of
the invention. If noise is not detected 1226, and if the ampli-
tude of the detected peak is less than 1230 a reference value,
then the cardiac response is classified 1235 as a non-captured
response.

In various embodiments described herein, reference values
or thresholds used in connection with cardiac response clas-
sification may be dynamic references that are adjusted based
on respiration, activity level, and lead maturation, among
other factors as described in commonly owned U.S. Pat. No.
6,192,275 which is incorporated herein by reference. In other
embodiments, the reference values may be fixed. For example
a reference value for determining a non-captured response
may bea predetermined percentage, e.g., 50% of the captured
response template peak. The cardiac response may be classi-
fied as a non-captured response if the cardiac signal exhibits
apeak thatis less than 50% of the captured response template
peak, where the cardiac signal peak and the CR template peak
have the same sign.

If the peak of the sensed cardiac signal is detected 1240 in
the fusion/pseudofusion classification window, the cardiac
response is classified 1245 as fusion or pseudofusion. If the
peak of the sensed cardiac signal is detected 1250 in the
captured response classification window, the cardiac
response is classified 1255 as a captured response. If the peak
of the cardiac signal is not defected in the fusion/pseudofu-
sion window or the capture window, ifis defected 1260 in the
intrinsic classification window, and the cardiac signal is clas-
sified 1285 as an intrinsic beat.

FIGS. 13-15 illustrate method of using the peak width of a
cardiac signal sensed after a pacing stimulation to classify a
cardiac response in accordance with embodiments of the
invention. Such a method may be particularly useful, for
example, in an automatic capture detection process per-
formed on a beat-by-beat basis, but may also be used in
connection with other procedures involving the classification
of cardiac responses to pacing. According to the process
illustrated in FIGS. 13-15, the peak width of the sensed car-
diac signalis compared to one or more peak width references
to determine the cardiac response. FIG. 13 illustrates the
classification windows 1305, 1310, 1315 used to classify the
cardiac response. The peak width ofthe cardiac signal may be
established as a time interval that the cardiac signal remains
above a predetermined percentage, e.g., 10%, or other
amount, of the cardiac signal peak amplitude.

The classification windows 1305, 1310, 1315 may be
established, for example, based on the time of the peak of a
CR template 1302 relative to the time of the pacing stimula-
tion 1301. In one example, a first classification window 1310
may be associated with a captured response, a second classi-
fication window 1305 may be associated with a fusion/pseud-
ofusion response, and a third classification window 1315 may
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be associated with an intrinsic beat. If the peak of the sensed
cardiac signal exceeds a predetermined amplitude, e.g., about
50% of the CR template peak amplitude, and is detected in
one of the classification windows 1305, 1310, 1315, the peak
width of the detected cardiac signal is compared to one or
more peak width references. The peak width references may
comprise a single peak width value, or a range of values, for
example. F1G. 13 illustrates four peak width references 1320,
1330, 1350, 1360.

In this example, the each of the peak width references is
associated with a range of peak widths. The peak width ref-
erences are determined based on the peak width of the CR
template, the peak width associated with a template charac-
terizing an intrinsic cardiac beat (I template), or both. The CR
template may be established as previously described. The
peak width of the CR template may be established as the time
interval that the CR template waveform remains above a
predetermined percentage, e.g., 10%, or other amount, of the
CR template waveform peak amplitude.

An intrinsic template (I template) characterizes the
patient’s supraventricular conducted rhythm (SVR). The 1
template may be formed from a combination of one or more
beats, wherein the each beat represents the patient’s SVR
rhythm. The peak width of the I template may be determined,
for example, as an average of the peak widths of the one or
more beats used to form the I template. The peak width of
each of the one or more beats used to form the I template may
be established as the time interval that the beat waveform
remains above a predetermined percentage, e.g., 10%, or
other amount, of the peak amplitude. Specific embodiments
involving I template formation are described in more detail
below with reference to FIGS. 19-24.

FIGS. 14A and 14B illustrate the peak widths of cardiac
signals representative of a captured response 1410 and an
intrinsic beat 1450, respectively. The peak width of the cap-
tured response 1420 may be established, for example, as the
time period that the cardiac signal remains above a predeter-
mined percentage, for example, 10% or other amount, of the
captured response peak. Similarly, the peak width of the
intrinsic beat 1460 may be established as the time period that
the cardiac signal remains above a predetermined percentage
of the intrinsic beat peak.

FIG. 13 illustrates a first peak width reference 1320 com-
prising the range of peak widths less than or equal to the 1
template peak width minus B, a first predetermined amount,
e.g., 10 ms or other value. A second peak width reference
1330 comprises a range of peak widths greater than the I
template peak width minus B and less than or equal to an
average of the CR template and I template peak widths. A
third peak width reference 1350 may be established as the
range of peak widths exceeding the average of the CR tem-
plate and I template peak widths and less than or equal to the
CR template peak width plus A, a second predetermined
amount, e.g.. 10 ms or other value. A fourth peak width
reference 1360 may be established as the range of peak widths
exceeding the CR template peak width plus A. The values of
A and B may be determined based on the morphologies of the
CR template and/or the intrinsic template, for example. In one
implementation, the values of A and B may be determined
based on the peak widths of the CR template and/or the
intrinsic template. Further, the values of A and B may be
adapted to track slow changes in the CR template and/or
intrinsic template morphology.

The flowchart of FIG. 15 illustrates a method of classifying
a cardiac response to a pacing stimulation in accordance with
embodiments of the invention. The processes of FIG. 15 use
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the classification windows and peak width references estab-
lished as illustrated in the graph of FIG. 13.

A pacing stimulation is delivered 1505 to the heart and a
cardiac signal following the pacing stimulation is sensed. The
amplitude and width of the cardiac signal peak are deter-
mined. If the cardiac signal peak has insufficient amplitude
1510, e.g., less than 50% of the CR template peak, then the
cardiac response is classified 1515 as a non-captured
response. If the cardiac signal peak has an amplitude greater
than or equal to 50% of the CR template peak and the cardiac
signal peak is detected 1520 in the second classification win-
dow, then the cardiac response is classified 1525 as a fusion/
pseudofusion response.

If the cardiac signal peak is defected 1530 in the first
classification window, then the peak width of the cardiac
signal is compared to one or more peak width references to
classify the cardiac response. If the peak width (PW) of the
cardiac signal falls 1560 within the range of the third peak
width reference, (CR template peak width+] template peak
width)/2<PW<CR template peak width+A, then the cardiac
response is classified 1565 as a captured response. If the peak
width (PW) of the cardiac signal falls 1570 within the range of
with the second peak width reference, I template peak width—
B<PW<(CR template peak width+ template peak width)/2,
then the cardiac response is classified 1575 as non-captured
and intrinsic. If the peak width of the cardiac signal does not
fall 1570 within the range of either the second or third peak
width references, then it falls into the ranges of the first peak
widthreference, PW<CR template peak width A, or the fourth
peak width reference, PW<I template peak width-B, and is
classified 1580 as noise.

If the cardiac signal peak is not detected 1520 in the second
classification window and is also not detected 1530 in the first
classification window, then it falls within the third classifica-
tion window. The cardiac signal peak width is compared to
one or more peak width references to determine the cardiac
response. If the peak width falls 1535 within the range of the
third peak width reference, the cardiac response is classified
1540 as near non-capture. A near non-captured response com-
prises a response that occurs when the pacing stimulation is
captured but delayed.

If the peak width of the cardiac signal falls 1545 within the
range of the second peak width reference, then the cardiac
response is classified 1555 as anon-captured response plus an
intrinsic beat. If the peak width of the cardiac signal does not
fall 1545 within the range of either the second peak width
reference or the third peak width reference, then the peak
width falls into either the range of the first peak width refer-
ence or the fourth peak width reference and is classified 1550
as noise.

The cardiac response classification methods of the inven-
tion as described below may be particularly useful in an
automatic capture threshold determination procedure. A cap-
ture threshold test may initially deliver pacing at a high
energy level, thus ensuring captured responses. The pacing
energy level may be ramped down from the initial high energy
level until loss of capture is detected. The point just before
loss of capture occurs may be established as the capture
threshold.

The flowchart of FIG. 16 illustrates a process that is par-
ticularly useful for performing a capture threshold determi-
nation process based on cardiac response classification in
accordance with embodiments ofthe invention. Although this
process is described in terms of a capture threshold proce-
dure, the methods of cardiac response classification may be
used in connection with other procedures including, for
example, beat by beat automatic capture verification.
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A sequence of pacing pulses are delivered 1610 to the
heart. For example, the pacing pulses may have an initially
high energy level with the pacing energy level decreasing in
discrete steps. For each delivered pace pulse, a plurality of
classification windows are established 1620 relative to and
following the time of each pace pulse. Cardiac signals fol-
lowing the pacing pulses are sensed 1630 within the classifi-
cation windows. The cardiac signals are compared 1640 to
references respectively associated with different types of car-
diac responses. The cardiac response to each of the pace
pulses is classified 1650 based on the comparisons The clas-
sifications of the cardiac responses are used 1660 to deter-
mine a pacing energy capture threshold.

In one example, the pacing energy of the pacing pulses is
ramped down from an initially high pacing energy. The car-
diac response following the delivery of each pacing pulse is
determined as described in connection with the flowchart of
FIG. 16. When a predetermined number of pacing pulses
produce a non-captured response, e.g., about two out of three
delivered pacing pulses, loss of capture is determined. The
point just before loss of capture occurs comprises the capture
threshold.

FIG. 17 is a diagram illustrating classification windows
and references that may be used in determining a cardiac
pacing response according to embodiments of the invention.
In this example embodiment, first, second, and third classifi-
cation windows 1730, 1740, 1750 are established based on
the timing of a particular CR template characteristic 1720,
such as the peak of the CR template, relative to the time of the
delivery of the pace pulse 1710. A selected characteristic of
the cardiac signal following the pace pulse, e.g., the peak of
the cardiac signal, is defected in one of the classification
windows 1730, 1740, 1750. Depending upon the particular
classification window in which the selected characteristic is
detected, features of the cardiac signal are compared to one or
more references. The references may include, for example,
templates characterizing various types of cardiac responses,
including the CR template and/or the I template. The cardiac
response is classified based on the comparison of the cardiac
signal feature or features and the one or more references, and
the particular window in which the selected characteristic of
the cardiac signal is detected.

The flowchart of FIG. 18 provides a more detailed illustra-
tion of a method of classifying a cardiac response following a
pacing pulse based on a comparison between the cardiac
signal and the CR template or the I template, for example. The
method described with reference to FIGS. 17 and 18 makeuse
of cardiac signal morphology templates including the cap-
tured response (CR) template and the intrinsic response I
template. The method described in connection with FIG. 18
may be particularly useful in connection with an automatic
capture threshold detection procedure.

As discussed previously, a captured response (CR) tem-
plate exemplifies a waveform representative of a captured
response. The CR template may be derived from a waveform
that is produced when a pacing pulse captures the heart, and
includes both the evoked response and the superimposed
pacing artifact. A CR template may comprise, for example, a
sequence of samples or feature points of a cardiac signal
representing a captured response.

An intrinsic response template, referred to herein as an [
template, characterizes the morphology of an electrical signal
associated with the patient’s supraventricular conducted car-
diac rhythm (SVR). Processes for forming templates repre-
senting the patient’s supraventricular conducted rhythm
(SVR) using a two channel approach are described in com-
monly owned U.S. patent applications Ser. No. 09/845,987
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filed Apr. 30, 2001, Ser. No. 10/105,875, filed Mar. 25, 2002,
Ser. No. 10/278,746, filed Oct. 23,2002, Ser. No. 10/121,944,
filed Apr. 12, 2002, and in U.S. Pat. No. 6,449,503 all of
which are incorporated herein by reference.

An I template may be formed from a combination of one or
more beats, wherein each beat represents the patient’s SVR
rhythm. Cardiac beats used to form the I template may be
required to meet certain criteria, such as stability and/or rate
criteria. According to one embodiment, an I template genera-
tion process involves sensing cardiac signals on a rate channel
and on a shock channel. Shock channel automatic gain con-
trol may be performed prior to collecting beats for I template
generation. For example, the shock channel gain control may
be effected by measuring the peak value in four beats meeting
certain rate and stability criteria and adjusting the shock chan-
nel gain such that the averaged peak value is 50% of the
maximum A/D converter value.

According to a two channel approach for template genera-
tion, a peak of the rate channel signal is determined and
identified as the fiducial point The value and location of
features of the initial shock channel waveform are determined
relative to the rate channel fiducial point, Additional cardiac
signals, including rate channel signals and shock channel
signals are sensed. The fiducial points for the additional rate
channel signals are determined. The shock channel wave-
forms are then aligned with the 1 template using the fiducial
points developed from the rate channel signals. The I template
is generated using features extracted from the aligned shock
channel waveforms.

A fiducial point represents a peak value of the rate channel
signal. A fiducial point type is either positive (Pos), associated
with a positive peak, or negative (Neg), associated with a
negative peak. When a template is formed, the positive peak
(Pos) or the negative peak (Neg) of the rate channel signal
used to form the template determines the fiducial point type of
the template. FIGS. 19 and 20 depict positive and negative
fiducial points, respectively. The Pos and Neg peaks are mea-
sured as absolute values. The fiducial point type is determined
by Equation 3 as follows;

If Pos>0.9*Neg, the fiducial point type is positive

If Pos=0.9%*Neg, the fiducial point type is negative [3]

If a stored f template exists, the fiducial point type of the
stored template is used as the fiducial point type of the tem-
plate. If no stored template exists, the fiducial point type of the
firstbeat used to form the template is used as the fiducial point
type for the template.

In one embodiment of the invention, and with reference to
FIGS. 21 and 22, five features are initially identified for the I
template, followed by three additional features determined at
midpoints between certain ones of the five initially selected
features.

Feature 3 is selected as the absolute maximum peak in a
feature window defined by 31 samples centered at the fiducial
point. If the positive peak amplitude is equal to the negative
peak amplitude, the positive peak is selected as Feature 3.

Feature 2 is found by searching backward from Feature 3
until a point is reached that meets the following conditions: 1)
the search is limited to 10 samples. If no point satisfies the
following conditions, then the 10th sample becomes Feature
2; 2) the amplitude is less than 25% of the maximum peak; 3)
aturning point is found or the slope is flat, and 4) Feature 2 is
at least 4 samples away from Feature 3.

By way ofexample, let Q(1) represent the current sample, A
turning point is found if:
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O(-1)=Q(D) and Q)<Q(I+1) for a positive Feature 3
OI-1)=Q(]) and QI)>Q(I+1) for a negative Feature 3 [4]

As is show in FIG. 21, Q(]) is selected as Feature 2. As
such, Feature 2 is selected as a turning point.

The slope is considered flat, as shown in FIG. 22, if abs(Q
I+DH-Q(I-1))<4 and abs(G(I+1)-Q(I-2))<4, in the case
when the A/D converter maximum value is 128. In the illus-
trative depiction of FIG. 22, Q(I) is selected as Feature 2. As
such, Featured 2 is selected as a flat slope point.

Feature 4 is found by searching forward starting from
Feature 3 until a point is reached that meets the following
conditions: 1) the search is limited to 18 samples. Ifno point
satisfies the following conditions, than the 16th sample
becomes Feature 4; 2) the amplitude is less than 26% of the
maximum peak; and 3) a turning point is found or the slope is
flat.

By way of example, let Q(I) represent the current sample.
A turning point is found if:

O(I+1)=Q(1) and Q()<Q(I-1) for a positive Feature 3

O(I+1)=Q(I) and Q()>Q(I-1) for a negative Feature 3

Q(I) is selected as Feature 4, as is shown in FIG. 23.

The slope is flat, as shown in FIG. 24, if abs(Q(I-1)-Q(I-
1))<4 and abs(Q(I-1)-Q(I+2))<4. In this case, Q(I) is
selected as Feature 4.

Feature 1 is selected as the seventeenth sample from the
beginning of the detection window. Feature 5 is selected as
the last sample of the detection window. Three additional
features are selected at the midpoint of Features 1 and 2, the
midpoint of Features 2 and 3, and the midpoint of Features 3
and 4, respectively. If a midpoint falls between two sample
points, the leftmost (earlier in time) point is selected. Thus,
according to this embodiment, eight feature values (e.g.,
amplitudes) and their associated locations with respect to the
fiducial point and the corresponding fiducial point type are
saved as the I template.

Following generation of an I template, a subsequently
defected cardiac beat may be compared to the 1 template to
classify the cardiac beat. If the cardiac beat has a morphology
similar to that of an intrinsic beat, then the features of the
cardiac beat will be correlated to the template features. Vari-
ous steps associated with determining if a cardiac beat is
correlated to an I template in accordance with embodiments
of the invention are described below.

The rate channel signal and the shock channel signal forthe
cardiac beat are sensed. The fiducial point of the rate channel
signal is determined. The rate channel fiducial point is used to
align the rate and shock channel waveforms of the cardiac
beat with the template. Features of the shock channel signal
are determined at the locations relative to the fiducial point
previously determined for the template. The template features
and the cardiac signal features are compared by calculating a
feature correlation coefficient (FCC). In one particular
embodiment, Equation 6, provided below, is used to compute
the FCC between the template features and the cardiac signal
features.

(3]

where, Xi represents template N features and Yi represents
beat N features, and N=8 in this illustrative example. The sign
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of the numerator term is checked before squaring. If the
numerator is negative, the beat is uncorrelated, and the
remainder of the computation need not be performed.

If the FCC is greater than a predetermined value, for
example 0.94, then the cardiac beat is correlated to the tem-
plate. If the FCC is less than or equal to the predetermined
value, then the cardiac beat is uncorrelated to the template.
Alternatively, correlation between the cardiac beat and the
template may be calculated using the CWA technique
described by Equation 1 above.

Other techniques may also be implemented to generate
templates and to compare templates and the cardiac signals.
For example, an alternate methodology for generating tem-
plates representative of various types of cardiac signals is
described in commonly owned U.S. patent application Ser.
No. 09/703,269, filed Oct. 31, 2000, which is incorporated
herein by reference. The patent application cited immediately
above describes a curvature-based method for selecting fea-
tures of a template, e.g., al template for example. The curva-
ture-based method of template formation may be used in the
cardiac response classification processes described herein.

The flowchart of FIG. 18 illustrates a method for classify-
ing a cardiac signal following deliver of a pacing pulse based
on comparison of the cardiac signal one or more of a CR
template and an I template. Following the delivery 1810 of a
pace pulse to the heart, classification windows such as those
described in connection with FIG. 17 are established relative
to the timing of the pace pulse. The peak of the cardiac signal
following the pace pulse is defected in one of the established
classification windows. The peak amplitude of the cardiac
signal is determined.

If noise is detected 1812, then cardiac response classifica-
tion is not performed for the pacing stimulation and the pro-
cess continues. If noise is not defected 1812 and if the peak
amplitude of the cardiac signal is less than 1815 a predeter-
mined value, for example, about 50% of'the CR template peak
amplitude, then the cardiac response is classified as a non-
captured response. If the peak amplitude of the cardiac signal
is greater than or equal to 1815 the predetermined value, then
the cardiac signal may be compared to one or more references
to classify the cardiac response to the pacing stimulation.

Ifthe cardiac signal peak amplitude is greater than or equal
to 1815 the predetermined value, then cardiac signal is com-
pared to the intrinsic template. If the cardiac signal is corre-
lated 1825 to the I template then the cardiac response is
classified 1865 as a non-captured response and intrinsic beat.
Correlation may be determined by calculating a feature cor-
relation coefficient representing the degree of correlation
between the cardiac signal and the I template using Equation
5 above. For the purposes of cardiac response classification, a
cardiac signal is determined to be correlated to the intrinsic
beat template if the FCC is about 0.94.

If the cardiac signal is not correlated 1825 to the I template,
then correlation with the CR template is checked 1850. The
comparison of the cardiac signal to the CR template may be
performed, for example, by calculating a correlation coeffi-
cient (CC) representing the degree of correlation between the
cardiac signal and the captured response template using a
technique such as Correlation Waveform Analysis (CWA). In
one particular embodiment, Equation 1, provided above, is
used to compute the CC between the samples of a cardiac
signal and the captured response template samples. Typically,
the number of samples used for the calculation is about 33
samples. Ifthe correlation coefficient is greater than a prede-
termined value, for example, about 0.94, the cardiac signal is
considered to be correlated to the CR template. If the cardiac
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signal is not correlated 1850 to the CR template, then the
cardiac response is classified 1860 as a fusion/pseudofusion
response.

If the cardiac signal is correlated 1850 to the CR template
and the peak of the cardiac signal is detected 1830 within the
third classification window, illustrated in FIG. 17, then the
cardiac response is determined 1835 to be near non capture. If
the peak of the cardiac signal is not detected 1830 in the third
classification window, then the cardiac response is classified
1840 as capture and the CR template may be updated 1845
using the cardiac signal.

Although the examples illustrated in FIGS. 11-18 are
described in terms of using a CR template for cardiac
response classification, similar approaches may be imple-
mented using an ER template. In processes using an ER
template, the pacing artifact template may be subtracted or
otherwise cancelled from the sensed cardiac signal prior to
analyzing the sensed cardiac signal to determine the cardiac
response.

Various modifications and additions can be made to the
preferred embodiments discussed hereinabove without
departing from the scope of the present invention. Accord-
ingly, the scope of the present invention should not be limited
by the particular embodiments described above, but should be
defined only by the claims set forth below and equivalents
thereof.

What is claimed is:
1. A method of determining a cardiac response to a pacing
pulse, comprising;
delivering two or more initialization pacing pulses to the
heart using a first electrode combination of a plurality of
electrodes that are electrically coupled to a heart;
sensing for a cardiac response following each of the two or
more initialization pacing pulses using a second elec-
trode combination;
for each of the two or more initialization pacing pulses,
determining a delay interval between when the initial-
ization pacing pulse was delivered using the first elec-
trode combination until when a corresponding cardiac
response was sensed using the second electrode combi-
nation;
following delivery of the two or more initialization pacing
pulses:
delivering a pacing pulse to the heart using the first
electrode combination;
sensing a cardiac response to the pacing pulse using the
second electrode combination; and
classifying the cardiac response to the pacing pulse as
one of a captured response and a non-captured
response, the classifying step including;
determining if the sensed cardiac response to the pac-
ing pulse has a predetermined characteristic that
falls within a classification window, the pre-deter-
mined characteristic comprising a peak amplitude
that exceeds a pre-determined threshold and
wherein the classification window begins after a
predetermined time delay following the pacing
pulse and extends for a window duration, wherein
the predetermined time delay is chosen based at
least in part on the determined delay intervals of
each of two or more of the initialization pacing
pulses.
2. The method of claim 1, wherein the predetermined time
delay is chosen by combining the determined delay intervals
of each of two or more of the initialization pacing pulses.
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3. The method of claim 1, wherein the two or more initial-
ization pacing pulse are provided at a pacing energy that is
sufficient to result in capture.

4. The method of claim 2, wherein the combining step
includes averaging the delay intervals of the two or more
initialization pacing pulses.

5. The method of claim 1, wherein the two or more initial-
ization pacing pulses are sequentially pacing pulses.

6. The method of claim 1, wherein:

prior to delivering the pacing pulse, generating a template

that is based, at least in part, on the determined delay
intervals of each of two or more of the initialization
pacing pulses; and

after delivering of the pacing pulse, the predetermined time

delay is based on the previously generated template.

7. The method of claim 1, wherein the classification win-
dow represents a time interval that follows the pacing pulse,
and wherein the time interval includes a time that the prede-
termined characteristic of the sensed cardiac response is
expected to occur.

8. The method of claim 7, wherein the classification win-
dow represents a time interval that includes a first amount of
time before the time that the predetermined characteristic of
the sensed cardiac response is expected to occur and a second
amount of time after the time that the predetermined charac-
teristic of the sensed cardiac response is expected to occur.

9. The method of claim 8, wherein the second amount of
time is about.

10. The method of claim 1, wherein the predetermined
characteristic further corresponds to one or more of a peak
time, a slope, a curvature, a rise time and a fall time of the
sensed cardiac response.

11. The method of claim 1, wherein the classifying step
includes classifying the cardiac response to the pacing pulse
as one of a captured response, a non-captured response and a
fusion response.

12. The method of claim 1, further comprising:

detecting a level of noise in the cardiac response; and

selectively canceling the classification of the cardiac

response based on the level of detected noise.

13. The method of claim 1, wherein:

delivering the pacing pulse to the heart using the first

electrode combination comprises delivering the pacing
pulse using a near-field vector; and

sensing the cardiac response following the pacing pulse

using the second electrode combination comprises sens-
ing the cardiac response using a far-field vector.

14. The method of claim 1, wherein:

delivering the pacing pulse to the heart comprises deliver-

ing the pacing pulse to one ventricle using the first elec-
trode combination; and

sensing the cardiac response following the pacing pulse

comprises sensing the cardiac response using at least
one electrode disposed in the other ventricle.

15. The method of claim 1, wherein:

delivering the pacing pulse to the heart comprises deliver-

ing the pacing pulse to an atrium using the first electrode
combination; and

sensing the cardiac response following the pacing pulse

comprises sensing the cardiac response using the second
electrode combination.

16. The method of claim 1, wherein:

delivering the pacing pulse to the heart comprises deliver-

ing the pacing pulse to one atrium using the first elec-
trode combination; and
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sensing the cardiac response following the pacing pulse
comprises sensing the cardiac response using at least
one electrode disposed in the other atrium.

17. A method of determining a cardiac response to a pacing

pulse, comprising;

delivering two or more initialization pacing pulses to a
heart using a first electrode combination, wherein the
first electrode combination includes an electrode asso-
ciated with a left ventricle;

sensing for a cardiac response following each of the two or
more initialization pacing pulses using a second elec-
trode combination, wherein the second electrode com-
bination includes an electrode associated with a right
ventricle;

for each of the two or more initialization pacing pulses,
determining a delay interval between when the initial-
ization pacing pulse was delivered using the first elec-
trode combination until when a corresponding cardiac
response was sensed using the second electrode combi-
nation;

choosing a predetermined time delay based, at least in part,
on the determined delay intervals of each of two or more
of the initialization pacing pulses;

following delivery of the two or more initialization pacing
pulses:
delivering a pacing pulse to the heart using the first

electrode combination;
sensing a cardiac response to the pacing pulse using the
second electrode combination; and
classifying the cardiac response to the pacing pulse as
one of a captured response and a non-captured
response, the classifying step including;
determining if the sensed cardiac response has a pre-
determined characteristic that falls within a classi-
fication window, the pre-determined characteristic
comprising a peak amplitude that exceeds a pre-
determined threshold and wherein the classifica-
tion window begins after the predetermined time
delay following the pacing pulse and extends for a
window duration.

18. The method of claim 17, wherein the predetermined
time delay is chosen by combining the determined delay
intervals of each of two or more of the initialization pacing
pulses.

19. A medical device, comprising:

a plurality of electrodes electrically configured to be

coupled to a heart;

a pulse delivery circuit configured to deliver a pacing pulse
to aheart using a first electrode combination including at
least one electrode associated with a left ventricle;

a sensing circuit configured to sense a cardiac response for
cardiac response classification following the pacing
pulse using a second electrode combination including at
least one electrode associated with a right ventricle;

a control circuit, the control circuit coupled to the sensing
circuit and configured to classify the cardiac response to
the pacing pulse as one of a captured response and a
non-captured response by determining if the sensed car-
diac response has a predetermined characteristic that
falls within a classification window, the pre-determined
characteristic comprising a peak amplitude that exceeds
a pre-determined threshold, and wherein the classifica-
tion window begins after a predetermined time delay
following the pacing pulse and extends for a window
duration; and

wherein before the pulse delivery circuit delivers the pac-
ing pulse to the heart,
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the control circuit causes the pulse delivery circuit to pro-
vide two or more initialization pacing pulses to the heart
using the first electrode combination, wherein the sens-
ing circuit senses for a cardiac response following each
of the two or more initialization pacing pulses using the
second electrode combination;
for each initialization pacing pulse, the control circuit is
configured to determine a delay interval between when
the initialization pacing pulse was provided using the
first electrode combination until when a corresponding
cardiac response was sensed using the second electrode
combination; and
wherein the control circuit is further configured to establish
the predetermined time delay based, at least in part, on
the delay intervals of the two or more initialization pac-
ing pulses.
20. The medical device of claim 19, wherein the predeter-
mined time delay is established by combining the delay inter-
vals of each of two or more of the initialization pacing pulses.
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