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Description

[0001] The invention relates to implantable medical devices, and more particularly, to implantable medical devices for
treating episodes of tachycardia.
[0002] An arrhythmia is a disturbance in the normal rate, rhythm or conduction of the heartbeat. A ventricular arrhythmia
originates in the ventricles. Ventricular tachycardia (VT), one form of ventricular arrhythmia, is a condition in which the
ventricles contract at a high rate, e.g., 110 or more beats per minute. Ventricular fibrillation (VF), another form of ventricular
arrhythmia, is characterized by a chaotic and turbulent activation of ventricular wall tissue. The number of depolarizations
per minute during VF can exceed 400.
[0003] VT can lead to VF, which in turn can be life threatening. VT is also associated with other low cardiac output
symptoms, such as fatigue. Many VTs are episodic, marked by abrupt onset but also abrupt termination, but cause
considerable patient distress. If untreated, VT can lead to other dangerous life-threatening conditions, such as the
development of blood clots, which can cause stroke and possibly death.
[0004] Treatment for tachycardia may include anti-tachycardia pacing (ATP) or cardioversion, in which a train of high
rate pulses of one or more high energy pulses is delivered to the heart in an attempt to restore a more normal rhythm.
ATP is typically effective in converting stable atrial tachycardias to normal rhythm, and is often delivered via an implanted
device. In many cases, a sequence of increasingly aggressive ATP therapies are applied until the VT episode is termi-
nated. The implanted device can be configured to discontinue ATP and immediately apply cardioversion in the event
the VT degrades into VF.
[0005] In general, the invention is directed to ATP techniques that make use of a history-dependent pacing interval
determination for ATP pacing pulses. The ATP techniques described here are useful for delivering ATP pulses used to
treat VT. In addition, the ATP techniques may be useful for treatment of atrial tachycardia (AT).
[0006] A device according to the preamble of claim 1 is known from US 4280502.
[0007] A patient may experience a tachycardia at any time, such as during rest when the heart beats at a normal rate,
or during exercise when the heartbeat is accelerated from the normal rate. Therefore, an ATP therapy that is effective
during periods of rest may not be as effective during active periods in which heart rates are accelerated.
[0008] In one aspect, the invention provides a device as defined in claim 1.
[0009] In yet another aspect, the invention is embodied in a computer-readable medium containing instructions for
carrying out the techniques described above.
[0010] The ATP therapy delivered in accordance with the invention is configured to take into account the heart rate
prior to the detection of the tachycardia and during the course of the tachycardia episode in order to determine a more
appropriate pacing interval for the ATP pacing pulses.
[0011] As will be explained, the ATP therapy takes into account differences in the action potential duration (APD) as
a result of the prevailing heart rate prior to detection of the AT or VT. As higher heart rates persist, for example, the APD
typically decreases. On the other hand, the APD typically increases in the presence of slower heart rates. Accordingly,
the invention takes advantage of this phenomenon in determining the ATP pacing interval more appropriate for the
circumstances.
[0012] The details of one or more embodiments of the invention are set forth in the accompanying drawings and the
description below. Other features, objects, and advantages of the invention will be apparent from the description and
drawings, and from the claims. The specific description is given by way of example only.

FIG. 1 is a schematic illustration of an implantable pacemaker/cardioverter/defibrillator with leads extending to a
human heart.
FIG. 2 is a block diagram of the components of the implantable medical device depicted in FIG. 1.
FIG. 3 is a flow diagram illustrating an exemplary method for applying an ATP therapy with a history-dependent
pacing interval determination.
FIG. 4 is a flow diagram illustrating the method of FIG. 3 in greater detail.
FIG. 5 is a flow diagram illustrating an exemplary method for estimating an APD within a heart.
FIG. 6 is a graph illustrating changes in APD over time.
FIG. 7 is an exemplary graphical representation of a calculated R-R interval and a resulting estimated APD generated
by a number of RR-intervals occurring up to a point in time associated with the estimation of the APD

[0013] FIG. 1 depicts an exemplary implantable medical device (IMD) 10 for implementing the techniques of the
invention. IMD 10 delivers ATP techniques that make use of a history-dependent pacing interval determination for ATP
pacing pulses. In this manner, IMD 10 provides a dynamic ATP pacing interval that is responsive to the heart rate prior
to tachycardia detection and during the course of the tachycardia episode. This dynamic pacing interval determination
takes into account the effect of the pacing interval in terminating tachycardia episodes that are preceded by different
heart rates. More particularly, the ATP therapy delivered by IMD 10 takes into account differences in the action potential
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duration (APD) as a result of the prevailing heart rate prior to detection of the AT or VT. As a result, IMD 10 is able to
dynamically deliver different pacing intervals that are more effective for a given tachycardia episode.
[0014] In the example of FIG. 1, IMD 10 is an implantable multi-chamber pacemaker that includes anti-tachycardia
pacing (ATP), cardioversion and defibrillation capabilities. The invention is not limited to the particular IMD and config-
uration shown in FIG. 1, however, but may be practiced by any number of implantable medical devices. The techniques
of the invention may be practiced by a device that paces a single cardiac chamber or several chambers, that paces one
or more atria or one or more ventricles, that includes or lacks cardioversion and defibrillation capability, and that paces
in any of several pacing modes. In general, the techniques of the invention may be practiced by any device that supplies
ATP therapy, whether to the atria to treat AT, or to the ventricles to treat VT.
[0015] As shown in FIG. 1, IMD 10 includes circuitry corresponding to an implantable pulse generator (IPG) enclosed
within a housing 52 that generates pacing stimuli to administer one or more ATP therapies to heart 12. In some circum-
stances, the IPG generates pacing stimuli for purposes other than ATP, e.g., to perform antibradycardia pacing. In the
embodiment shown in FIG. 1, pacing stimuli are applied to the right atrium 14 or the right ventricle 16, or both. IMD 10
also includes circuitry to sense atrial and ventricular activations, including activations generated during episodes of atrial
tachycardia (AT) or ventricular tachycardia (VT). Atrial and ventricular bipolar pace/sense electrode pairs at the distal
ends of leads 18 and 20, respectively, carry out the pacing and sensing functions.
[0016] In right atrium 14, the distal end of atrial lead 18 includes an extendable helical, pace/sense tip electrode 22
and a pace/sense ring electrode 24. Helical electrode 22 extends from electrode head 26 into the atrial appendage.
Pace/sense electrodes 22 and 24 are employed for atrial pacing, including delivery of atrial ATP therapies, and for
sensing of P-waves indicative of atrial activation. The distal end of atrial lead 18 also includes an elongated coil defibrillation
electrode 28 that can deliver a defibrillation shock to right atrium 14. Electrode 28 may also be used to deliver cardioversion
therapy to right atrium 14.
[0017] Cardioversion therapy typically involves delivery of less energy to heart 12 than defibrillation therapy, but both
cardioversion and defibrillation therapies are painful to the patient. ATP therapies, by contrast, involve far less energy
than cardioversion and defibrillation therapies. ATP therapies are often well-tolerated by patients, and in some cases,
ATP therapies proceed without the patient becoming aware of the therapies. ATP and cardioversion may both be effective
in terminating AT, but when ATP is as effective as cardioversion in terminating AT, ATP is favored over cardioversion
to avoid causing the patient undue discomfort.
[0018] Atrial lead 18 includes conductors that electrically couple electrodes 22, 24 and 28 to IMD 10. The conductors
are arranged in any desired configuration, such as coaxially, cordially, or in parallel, and are insulated from one another
and from the tissue of the patient. In the example of FIG. 1, the proximal end of atrial lead 18 includes a bifurcated
connector 30 that couples the conductors to a connector block 32 on IMD 10.
[0019] In right ventricle 16, the distal end of ventricular lead 20 likewise includes a pace/sense tip electrode 34 and a
pace/sense ring electrode 36. Pace/sense tip electrode 34 may be a helical electrode that extends from electrode head
38 toward the apex of heart 12. Pace/sense electrodes 34 and 36 are employed for ventricular pacing, including delivery
of ventricular ATP therapies, and for sensing of R-waves indicative of ventricular activation. The distal end of ventricular
lead 20 also includes an elongated coil defibrillation electrode 40 that can deliver a defibrillation shock or cardioversion
therapy to right ventricle 16. As noted above, cardioversion and defibrillation therapies are painful. Ventricular ATP
therapies cause considerably less discomfort to the patient, and may be as effective in terminating a given episode ofVT
as cardioversion.
[0020] Like atrial lead 18, ventricular lead 20 includes one or more insulated conductors that electrically couple elec-
trodes 34, 36 and 40 to IMD 10. As shown in FIG. 1, the proximal end of ventricular lead 20 includes a bifurcated
connector 42 that couples the conductors to connector block 32.
[0021] FIG. 1 further illustrates deployment of a coronary sinus lead 44. Coronary sinus lead 44 includes one or more
insulated conductors. The proximal end of coronary sinus lead 44 includes one or more electrodes, such as pace/sense
electrode 46. Pace/sense electrode 46 is deployed within the great vein 48 of heart 12, and used to deliver pacing
therapies, including ATP therapies, to the left side of heart 12. A connector 50 at the proximal end of the coronary sinus
lead 44 couples the conductors in lead 44 to connector block 32. In some embodiments of the invention, coronary sinus
lead 44 includes an elongated exposed coil wire defibrillation electrode (not shown).
[0022] IMD 10 includes housing 52 that, in some embodiments of the invention, serves as a "can" electrode. In unipolar
operation, IMD 10 delivers an electrical stimulation to heart 12 via an electrode disposed on one or more of leads 18,
20 or 44, with housing 52 being a part of the return current path. In bipolar operation, by contrast, IMD 10 delivers an
electrical stimulation to heart 12 via a tip electrode, with a ring electrode providing the principal return current path.
[0023] In the embodiment depicted in FIG. 1, IMD 10 delivers pacing stimuli to right atrium 14 and right ventricle 16
via electrodes 22 and 34, respectively, and senses activations via the same electrodes. The electrodes sense the
electrical activity that accompanies AT or VT. The electrodes also deliver one or more ATP therapies to treat AT, VT,
or both.
[0024] IMD 10 may be programmed to administer more than one ATP therapy. ATP therapies may differ from one
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another by the manner in which pacing pulses are applied to heart 12 to terminate AT or VT. One ATP therapy, for
example, delivers a sequence of pacing pulses separated from one another by constant pacing intervals, while another
ATP therapy delivers a sequence of pacing pulses separated from one another by pacing intervals that shorten with
each pulse in the series. In either case, the pacing interval for each sequence is history-dependent in the sense that it
is determined as a function of the heart rate, i.e., cycle length, prior to detection of the pertinent tachycardia. The number
of pulses in the ATP therapies may vary from one therapy to another. IMD 10 may also be programmed to administer
cardioversion therapy at more than one energy level, and programmed to deliver cardioversion therapies according to
a hierarchy.
[0025] The invention provides techniques for estimating the action potential duration (APD) of heart 12 in order to
more accurately set a pacing interval for ATP pulses. As will be described in greater detail below, the estimate of APD
is obtained as a function of one or more heart electrical characteristics over a period of time. The heart electrical
characteristics comprise P-waves, R-waves and T-waves that IMD 10 detects via electrodes 22, 24, 34 and 36. In some
embodiments, IMD 10 includes a T-wave detection module (not shown) to more accurately detect T-waves and hence
the APD. Furthermore, IMD 10 can detect the cycle length of a tachycardia using heart electrical characteristics, which
further aids in setting the pacing interval for ATP pulses accurately. The invention may also provide a technique for
setting pacing intervals for subsequent ATP sequences based on further estimates of APD and cycle lengths of detected
tachycardia should a prior ATP therapy using a first pacing interval fail to terminate the pertinent tachycardia.
[0026] The goal of an ATP therapy is to terminate a detected tachycardia, which allows the heart to resume a normal
rhythm. A proper time interval in which to terminate the detected tachycardia is shortly after the APD but before the
tachycardia pulse. The ATP fails to terminate the tachycardia when an ATP pulse occurs at a time outside of the proper
time interval. For example, an ATP therapy applied during the APD will fail as well as an ATP therapy applied near a
tachycardia pulse. In fact, an ATP therapy applied too near a tachycardia pulse, may have an opposite desired effect,
in that the ATP therapy may accelerate the tachycardia into fibrillation. The estimate of APD is used to determine a
starting point of the proper time interval and the cycle length of a detected tachycardia is used to determine an end point
of the proper time interval. IMD 10 uses the estimate of APD and the cycle length of a detected tachycardia to define
the proper time interval, thus enabling IMD 10 to set a pacing interval such that ATP pulses are applied during the proper
time interval. Setting the pacing interval of the ATP pulses to coincide with this interval of time increases the ability of
IMD 10 to terminate the detected tachycardia, reducing the likelihood that the tachycardia will degrade into fibrillation,
reducing the number of pulses delivered to heart 12 and increasing the battery life of IMD 10.
[0027] The APD has been observed to vary as a function of the prevailing heart rate prior to detection of the tachycardia
and during the tachycardia episode. As higher heart rates persist, for example, the APD typically decreases. On the
other hand, the APD typically increases in the presence of slower heart rates. Accordingly, the invention takes advantage
of knowledge of the correlation between recent heart rate history and APD to determine an ATP pacing interval that is
more likely to be effective under certain circumstances. More effective ATP therapies will decrease the probability of VT
or AT accelerating to VF or AF, respectively, which is beneficial in that such fibrillation events are more dangerous.
Techniques to estimate the APD and determine the pacing interval of ATP pulses based on the estimate of APD and a
cycle length of a detected tachycardia will be described in more detail below.
[0028] FIG. 2 is a functional schematic diagram of one embodiment of IMD 10 and illustrates how IMD 10 detects
episodes of tachycardia and delivers therapies, such as ATP and cardioversion, to address the episodes. IMD 10 of
FIG. 2 is exemplary of the type of device in which various embodiments of the invention may be embodied, and the
invention is not limited to the particular schematic shown. On the contrary, the invention may be practiced in a wide
variety of devices, including single- and multi-chamber devices, and implantable devices that do not include cardioversion
or defibrillation pacing capability.
[0029] As shown in FIG. 2, IMD 10 includes electrode terminals 22, 24, 28, 34, 36, 40 and 46, which correspond to
the electrodes shown in FIG. 1. Electrode 60 corresponds to the un-insulated portion of housing 52 of IMD 10. Electrodes
28, 40 and 46 are coupled to high voltage output circuit 62, which includes high voltage switches controlled by cardio-
version/defibrillation (CV/defib) control logic 64 via control bus 66. Switches disposed within circuit 62 determine which
electrodes are employed and which electrodes are coupled to the positive and negative terminals of a capacitor bank
68 during delivery of defibrillation or cardioversion shocks.
[0030] Electrodes 22 and 24, located on or in right atrium 14, are coupled to a P-wave amplifier 70. Amplifier 70
includes an automatic gain controlled amplifier providing an adjustable sensing threshold as a function of the measured
P-wave amplitude. Amplifier 70 generates a signal on P-out line 72 whenever the signal sensed between electrodes 22
and 24 exceeds the sensing threshold. The time intervals between signals on P-out line 72 reflect the cycle length of
atrial activations, and may be indicative of whether the patient is experiencing an episode of AT. In particular, short cycle
lengths may be indicative of AT.
[0031] Electrodes 34 and 36, located in right ventricle 16, are coupled to an R-wave amplifier 74. Amplifier 74 includes
an automatic gain controlled amplifier providing an adjustable sensing threshold as a function of the measured R-wave
amplitude. Amplifier 74 generates a signal on R-out line 76 whenever the signal sensed between electrodes 34 and 36
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exceeds the sensing threshold of amplifier 74. The time intervals between signals on R-out line 76 reflect the cycle length
of ventricular activations and may be indicative of whether the patient is experiencing an episode ofVT.
[0032] As noted above, cycle length may be one of the tachycardia characteristics associated with a therapy or a
hierarchy of therapies. In some patients, it may be possible to distinguish one type of tachycardia from another by cycle
length. In these patients, IMD 10 may be able to implement a power-saving mode. IMD 10 is powered by a self-contained
power source such as a battery (not shown in FIGS. 1 and 2). Determining a tachycardia characteristic by determining
an ATP pacing interval generally consumes less power than determining other tachycardia characteristics, such as
morphology. Consequently, the capability of distinguishing one tachycardia from another by cycle length may preserve
the battery life of IMD 10.
[0033] A switch matrix 78 selects electrodes for coupling to a wide band amplifier 80 for use in digital signal analysis.
Selection of electrodes is controlled by microprocessor 82 via data/address bus 84. The signals from the selected
electrodes are provided to multiplexer 86, and are thereafter converted to multi-bit digital signals by A/D converter 88.
The signals are stored in random access memory (RAM) 90 under control of direct memory access (DMA) circuit 92.
[0034] Digital signal analysis includes, but is not limited to, a morphological analysis of waveforms sensed by the
selected electrodes. Morphological analysis includes wavelet analysis, Fourier analysis or similar spectral analysis
techniques, but the invention is not limited to those analytical techniques. Microprocessor 82 employs digital signal
analysis techniques to characterize the digitized signals stored in RAM 90 to recognize and classify the patient’s heart
rhythm or to determine the morphology of the signals employing any of several signal processing methodologies. In
particular, microprocessor 82 may use morphological analysis to determine the occurrence of T-waves.
[0035] A T-wave detection module (not shown) may be included, and formed by various components cooperating to
detect the occurrence of T-waves. The various components forming the T-wave detection module may include, for
example, microprocessor 82, RAM 90, A/D converter 88 and DMA circuit 92. These components cooperate to detect
the T-wave signal, which provides an accurate estimate of the APD.
[0036] Signals sensed via electrodes 22, 24, 34 and 36 may be used to determine whether to administer cardiac
pacing, ATP, cardioversion or defibrillation therapies. Pacer timing/control circuitry 94 receives signals from P-out line
72 and R-out line 76, and computes various timing intervals as a function of the timing of the received signals. Pacer
timing/control circuitry 94 also may include programmable digital counters that control pacing according to any of several
pacing modes.
[0037] Pacer output circuitry 96 and 98, which are coupled to electrodes 22, 24, 34 and 36, generate pacing and ATP
stimuli under the control of pacer timing/control circuitry 94. The IPG of IMD 10 includes microprocessor 82, in cooperation
with pacer timing/control circuitry 94 and pacer output circuitry 96 and 98.
[0038] Pacer timing/control circuitry 94 also computes intervals such as R-R intervals, P-P intervals, P-R intervals and
R-P intervals. These intervals are used to detect the presence of a fast heart rate, which may be an indicator of a
tachycardia. A fast heart rate may also be indicative of sinus tachycardia, i.e., a fast heart rate in response to a physiological
stimulus, such as exercise.
[0039] Microprocessor 82 and pacer timing/control circuitry 94 cooperate to apply any of a number of algorithms to
discriminate a tachycardia such as VT or AT, for which antitachycardia therapy is indicated, from sinus tachycardia, for
which therapy is not indicated. Microprocessor 82 and pacer timing/control circuitry 94 further cooperates to apply any
of a number of algorithms to discriminate a tachycardia such as VT or AT, which terminates in response to antitachycardia
therapies, from other tachyarrhythmias such as atrial fibrillation and ventricular fibrillation, which generally do not respond
to antitachycardia therapies. The invention may be practiced with any algorithm or algorithms that detect an atrial or
ventricular tachycardia.
[0040] When IMD 10 detects an atrial or ventricular tachycardia, microprocessor 82 determines the tachycardia cycle
length and configures an ATP therapy by setting the pacing interval of the ATP pulses based on an estimate of the action
potential duration (APD) and the tachycardia cycle length, in accordance with the invention. The before mentioned R-
R intervals, P-P intervals or T-wave signals serve as a basis for the APD estimate. In some embodiments, microprocessor
82 may continually calculate the estimate of APD over a window of time, which slides forward as time progresses. The
calculation is stored in RAM 90 for use in further calculations of the estimate of APD. RAM 90 also stores a heart rate,
a diastolic interval and the like. If the first ATP therapy fails to terminate the tachycardia, a second ATP therapy is applied
and so on. Consecutive therapies may apply pacing intervals based on further, more current APD estimates that have
been gathered within the sliding window of time. In this manner, IMD 10 updates the ATP pacing interval in subsequent
ATP pacing sequences based on updated APD estimates. Other parameters pertaining to the ATP therapy may change
such as the tachycardia cycle length regularity or tachycardia waveform morphology.
[0041] For each ATP therapy that is applied, microprocessor 82 loads parameters such as pacing interval from RAM
90 into pacer timing/control circuitry 94, which controls delivery of the ATP therapy. Microprocessor 82 evaluates the
outcome of the ATP therapy, and determines whether ATP therapy should be discontinued or whether another therapy
ought to be applied.
[0042] In some circumstances, a tachycardia may be unresponsive to all ATP therapies. In some of those circum-
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stances, cardioversion may be indicated. Cardioversion therapies, like ATP therapies, may differ from one another and
may be arranged in a hierarchy, with the first cardioversion therapy in the hierarchy applied first, the second cardioversion
therapy in the hierarchy applied if the first fails, and so on.
[0043] When a cardioversion or defibrillation pulse is required, microprocessor 82 controls the timing, strength and
duration of cardioversion and defibrillation pulses. In response to the detection of atrial or ventricular fibrillation or
tachycardia requiring a cardioversion pulse, microprocessor 82 activates CV/defib control circuitry 64, which initiates
charging of capacitor bank 68 via charging circuit 100, under the control of high voltage charging control line 102. The
voltage on the high voltage capacitors is monitored via VCAP line 104, which is passed through multiplexer 86, and in
response to reaching a predetermined value set by microprocessor 82, results in generation of a logic signal on Cap
Full (CF) line 106 to terminate charging. Output circuit 62 then delivers a defibrillation or cardioversion pulse.
[0044] FIG. 3 is a flow diagram illustrating an exemplary process for applying an ATP therapy whereby a pacing interval
of the anti-tachycardia pacing (ATP) pulses is a function of an estimate of action potential duration (APD) of a heart and
a cycle length of a tachycardia within the heart. The process begins when a device, such as IMD 10 of FIG. 1, detects
a tachycardia (110) within heart 12, e.g., based on a heightened heart rate. The tachycardia occurs in either the atrium
or the ventricle, and IMD 10 may detect tachycardia occurring in both via electrodes, such as electrodes 22, 24, 34, and 36.
[0045] Upon detecting the tachycardia, microprocessor 82 (FIG. 2) determines the cycle length of the detected tach-
ycardia. Microprocessor 82, then accesses a memory address within RAM 90 where an estimate of the APD is stored.
Microprocessor 82 calculates the pacing interval of an ATP therapy as a function of the APD and cycle length of the
detected tachycardia. Microprocessor 82 further loads the pacing interval into pacer timing and control circuit 94. The
act of loading the pacing interval into pacer timing and control circuit 94 sets the pacing interval of the ATP pulses (112)
to be delivered to heart 12.
[0046] IMD 10 applies the ATP pulses for the current ATP sequence (114) to heart 12. The pulses are timed to have
a pacing interval that reflects the pacing interval determined as a function of the estimate of APD of heart 12. Setting
the pacing interval based on the estimate of APD is described below in more detail.
[0047] FIG. 4 is a flow diagram illustrating the process of FIG. 3 in greater detail. In particular, FIG. 4 further depicts
determination of the pacing interval of ATP pulses such that the pacing interval is a function of an estimate of APD of a
heart and cycle length of a detected tachycardia within the heart. For an ATP therapy to be effective, an ATP pulse
should occur within a particular interval of time relative to the APD and cycle length of a tachycardia. The pacing interval
determines when the ATP pulses occur and whether the pulses occur during the particular interval of time.
[0048] The process of setting the pacing interval begins with IMD 10 monitoring the heart rate (120) of a heart 12.
IMD 10 may determine the heart rate in a variety of ways. In general, the heart rate can be determined using heart
electrical characteristics, such as P-wave signal or R-wave signals and their respective intervals, such as P-P, R-R
intervals, and the like. IMD 10 may determine these intervals as described above. Microprocessor 82 (FIG. 2) may use
one of the intervals to calculate an estimate of the APD (122) of heart 12. The APD is one factor that aids in setting the
pacing interval.
[0049] The pacing interval is set in response to the characteristics of a tachycardia. If a tachycardia is not detected
(124), then IMD 10 continues to monitor the heart rate and estimate the APD over a period of time. IMD 10 estimates
the APD over a period of time, which slides forward as time progresses. Microprocessor 82 stores the estimate of the
APD to RAM 90 when the estimated APD changes or when the estimate of APD is calculated. IMD 10 continually
estimates APD over a sliding window of time and stores the estimate of APD until IMD 10 detects a tachycardia.
[0050] When IMD 10 detects a tachycardia, pacer timing and control circuit 94 measures the cycle length of the
tachycardia. The cycle length of the tachycardia is another factor that aids in setting the pacing interval of the ATP pulses.
IMD 10 may determine the cycle length of the tachycardia in the manner described above (126), e.g., by reference to
the P-P interval or the R-R interval.
[0051] Generally, an ATP pulse is most effective when applied shortly after the end of the APD but before the next
tachycardia pulse. This period of time is when an ATP pulse is most likely to terminate the detected tachycardia within
the heart. Terminating the tachycardia is essential to return of the heart to a normal rhythm. Thus, IMD 10 sets the pacing
interval of the ATP pulses, such that the ATP pulses occur during this period of time, shortly after the APD ends but
before the next tachycardia pulse. IMD 10 uses the estimate of APD to determine when the APD is likely to end. IMD
10 further uses the cycle length of the tachycardia to determine when the next tachycardia pulse is likely to occur. These
two parameters are used to set the ATP pacing interval (128) such that an ATP pulse will occur shortly after the APD
but before the tachycardia pulse.
[0052] After the pacing interval of the ATP therapy is set, IMD 10 applies the ATP therapy (130). The therapy may be
a sequence including any number of ATP pacing pulses applied in a variety of forms, but with the pacing interval
determined in view of the estimated APD. For example, the rate of the pulses may ramp such that the rate of the pulses
increases from start to finish. Also, IMD 10 may deliver triangular pulses, square pulses or any other pulse morphology
consistent with the invention.
[0053] Heart 12 may not immediately respond to the ATP therapy, as described above. The tachycardia may not
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terminate after the ATP therapy is applied (132). When the tachycardia does not terminate, IMD 10 calculates another
estimate of the APD of heart 12 and can further determine the cycle length of the detected tachycardia to ensure the
cycle length has not changed. The new estimate is used in conjunction with the newly determined tachycardia cycle
length to determine another pacing interval for the next ATP therapy sequence.
[0054] The new pacing interval is set and the ATP therapy is applied. Again, IMD 10 determines if the therapy terminated
the detected tachycardia. The tachycardia may persist and the process may repeat until the tachycardia is terminated,
or IMD 10 determines that another therapy, such as cardioversion, is needed. Once the tachycardia terminates, IMD 10
returns to monitoring the heart rate and estimating the APD. The process used to estimate the APD is described in detail
below.
[0055] FIG. 5 is a flow chart illustrating an exemplary process for calculating an estimate for an APD of a heart. The
heart proceeds through two phases: the systolic phase and the diastolic phase. APD is a term used when referring to
a time interval of the systolic phase while a diastolic interval refers to a time interval of the diastolic phase. Thus the
APD and diastolic interval relate to each other and when added together form the cycle length of a single heartbeat.
Microprocessor 82 of FIG. 2 may use this relationship and other relationships consistent with the principles of the invention
to determine an estimate for the APD of the heart, such as heart 12 (FIG. 1).
[0056] The APD is further estimated over a period of time. In one embodiment of the invention the period of time is a
sliding window, which slides forward as time progresses. As the sliding window progresses forward, microprocessor 82
continually estimates the APD and resets the pacing interval as the APD estimate changes. Since efficiency is important
for implantable devices, such as IMD 10, the estimate of APD is done in a discrete manner by sampling signals using
A/D converter 88. The signals sampled may include R-wave signals, P-wave signals or T-wave signals as detected by
a T-wave detection module. Electrodes in the atrium, such as electrodes 22 and 24, and electrodes in the ventricle, such
as electrodes 34 and 36, detect these signals by the process described above. Pacer timing and control circuit 94
determines R-R intervals, P-P intervals and T-T intervals, which reflect an interval of a single heartbeat (140).
[0057] An approximation of the current diastolic interval is not needed if IMD 10 includes a T-wave detection module.
The diastolic interval is defined by the interval of time between the end of a T-wave signal and the beginning of an R-
wave signal. Accordingly, with the T-wave detection module, IMD 10 can directly determine the diastolic interval. Without
the T-wave detection module, however, IMD 10 estimates the diastolic interval of the current heartbeat (142). Micro-
processor 82 extrapolates past diastolic intervals to approximate the diastolic interval of the current heartbeat. The
extrapolation involves both past APDs and past diastolic intervals to increase the accuracy of the approximation.
[0058] The interval of the current heartbeat, as determined by the P-P or R-R interval, is used when determining a
time constant, or response over time to change within a system. In the case indicated here, where the estimate of the
ADP is generated, the time constant refers to the response over time to the change of the diastolic interval (∆n) plus the
cycle length of the current heartbeat (Tn).
[0059] The time constant (αn) can be calculated according to the following relationship: 

[0060] Equation (2) represents the change of the diastolic interval between the last diastolic interval (din-1,) and the
current diastolic interval (din). This is also a method to discretely quantify the derivative. There are two constants asso-
ciated with equation (1), one of which, γ1, is multiplied with the result of equation (2), while the second, γ2, is multiplied
with Tn. These constants determine how much change is propagated throughout the system. If γ1 is large in relation to
γ2 then change between the diastolic intervals is accentuated. If γ2 is large in relation to γ2 then change is moderate
while the current heartbeat interval is accentuated.
[0061] Microprocessor 82 uses equation (2) to estimate the derivative of the approximate diastolic interval (144). The
result of equation (2) is used as input by microprocessor 82 into equation (1). The result of equation (1) is then used as
input into the following equation, equation (3), where the effective diastolic interval (dien) is determined. 
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[0062] Equation (3) is an integral term that effectively accumulates all past approximate diastolic intervals within a
given time period. Microprocessor 82 calculates the effective diastolic interval and updates a state variable within RAM
90 after each calculation. Equation (3) makes use of equation (1) and in effect determines how much of the estimated
APD is determined by previous approximation of the diastolic interval and how much is determined by the current diastolic
interval. In this example, the effective diastolic interval is based on the derivative of the approximate diastolic interval
(∆n), the approximate diastolic interval (din and din-1) and the R-R interval for the current heartbeat (Tn)(146).
[0063] The result of equation (3) is used to determine an estimate of the APD. Microprocessor 82 calculates the results
of each of the three prior equations. Microprocessor 82 may further access RAM 90 for any data needed, such as a past
diastolic interval din-1, that is not readily available. Equation (4) as follows, determines the estimate of APD as a function
of the effective diastolic interval, dien. 

[0064] Equation (4) above represents a piece-wise linear system having a constant value APDmax after the diastolic
interval dien, reaches DImax. Before dien reaches DImax the APD has a value of APDmax subtracted by a relation with a
constant slope (σ) times DImax minus dien. DImax is a constant representing the maximum diastolic interval. The constants
of equations (1) through (4) can modify the result yielding a more accurate estimate of APD.
[0065] Constants γ1, γ2, σ, APDmax and DImax can be adjusted to tune the result of equation (4). For instance, γ1 and
γ2 determine the amount of change that is propagated into the system used to estimate APD. The slope factor, σ, can
modify the initial response of the system to fit expected data. APDmax and DImax change the upper limits of the system
allowing for a larger APD and diastolic interval (DI). Furthermore, the constants above allow for patient dependent
configuration and can determine specific therapies that work best in the case of the patient.
[0066] An accurate estimate of the APD is desired so that IMD 10 can deliver a more effective ATP therapy. The above
relations, equations (1) - (4), define a system for estimating the APD by continually evaluating electrical heart characteristic
trends. For example, the electrical heart characteristics, such as the R-R interval, may decrease due to natural causes
such as exercise. This is known as sinus tachycardia, which is a fast heart rate in response to a physiological stimulus.
An estimate of the APD during sinus tachycardia may reflect the change in R-R interval. The rate at which the estimate
of APD changes is dependent on the time constant (αn), which effects how quickly the system responds to the sinus
tachycardia. A large time constant will cause the system to respond quickly while a small time constant will cause the
system to respond slowly.
[0067] While the above patient is exercising a tachycardia may occur. In this case, IMD 10 would set the pacing interval
dependent on the estimate of APD, which reflects the sinus tachycardia. Without the estimate of APD, most devices
measure the cycle length of the tachycardia and multiply this value by a constant to set the pacing interval of the ATP
pulses. Without an estimate of the APD, other approaches to setting the pacing interval do not reflect the current heart
condition and can miss the interval of time where an ATP pulse may most effectively terminate the tachycardia. Devices,
which embody the principles of the invention, more accurately determine the interval of time where an ATP pulse may
terminate the tachycardia. FIG. 6 further illustrates estimating APD for accurate application of ATP pulses to more
effectively terminate the detected tachycardia.
[0068] FIG. 6 is a graph illustrating two lines: a solid line representing an estimate of the APD over time and a dashed
line representing where a device that embodies principals of the invention may apply ATP pulses. The y-axis of graph
160 represents the estimate of ADP as measured in milliseconds and the x-axis of the graph 160 represents time as
measured in seconds. Graph 160 contains solid line 162 and dashed line 164, which illustrate response to changes
within a system to measure an estimate of ADP. The system includes a heart, the heart electrical characteristics and a
device, such as IMD 10 of FIG. 1.
[0069] IMD 10 monitors the heart electrical characteristics using the monitored P-waves and R-waves to estimate the
APD of the heart. One embodiment, described above in FIG. 5, demonstrated how IMD 10 estimates the ADP of heart
12. The estimate of the ADP is shown in graph 160 as solid line 162. The downward trend of solid line 162 shows a
response whereby the estimate of ADP shortened in response to a quickened heart rate, which might occur during
exercise. The upward trend of solid line 162 further shows that the heart rate decreased, which may indicate an end to
the exercise. Setting the constants of equations (1) - (4) may modify various aspects of line 162. For example, by
increasing γ1 of equation (1) the estimate of APD may respond to change more quickly. Thus, the slope of both the
upward and downward trends may increase in magnitude becoming steeper. This change to γ1 would cause the system
to be more aggressive when treating a tachycardia.
[0070] Dashed line 164 is the result of multiplying the estimate of ADP, solid line 162, by a constant. Microprocessor
82 (FIG. 2) may specify the constant as any number greater than one. If the constant was less than one then the ATP
pulse would come before the end of the APD and the therapy would fail. Thus, microprocessor 82 should preferably
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specify the constant greater than one. The constant also may increase the aggressiveness of the system. If the constant
is close to one then IMD 10 will apply pacing pulses near the end of the APD. If the constant is large then IMD 10 will
apply pacing pulses well after the end of the APD pulse. The techniques of the invention further specify that the ATP
pulse should occur before the tachycardia pulse. Thus, microprocessor 82 should not set the constant such that the
ATP pulse comes after the tachycardia pulse. This interval of time, shortly after the APD but before the tachycardia
pulse, is desired for capturing the heart. Techniques of the invention estimate the APD and measure the tachycardia
cycle length to determine and set the pacing interval of the ATP pulses such that ATP pulses occur during this interval
of time.
[0071] FIG. 7 is an exemplary graphical representation of a calculated R-R interval and a resulting estimated APD
generated by a number of RR-intervals occurring up to a point in time associated with the estimation of the APD. As
illustrated in FIG. 7, the ATP cycle length is set so that ATP pulses, indicated by triangles, are set to remain between
the estimated APD, indicated by squares, and the RR-intervals, indicated by circles, so that the ATP pulses follow the
estimated APD at a predetermined distance from the estimated APD and less than the RR-interval, as described above.
Note that at the end of the graphical representation, although the RR-interval remains constant, the ATP pulses follow
the estimated APD and therefore decrease, rather than remaining constant as would be the case if the pacing pulses
were merely set as a percentage of the RR-intervals.
[0072] Estimating an APD of a heart may allow for more accurate ATP pulse delivery to the heart. The more accurate
delivery is defined by more accurate delivery of an ATP pulse during an interval of time where the pulse may more readily
capture the heart. This interval of time begins shortly after the APD pulse and ends when the detected tachycardia pulse
occurs. By estimating the APD, a more accurate interval of time is determined in which ATP pulses may occur to capture
the heart.
[0073] In addition, estimating the APD also allows a device consistent with the principles of the invention to base the
pacing interval of ATP pulses on the current heart rate. Thus, if the heart rate increases, the estimate of APD decreases
and the pacing interval of ATP pulses also decreases reflecting the change in heart rate. Generally, this will increase
the outcome of an applied ATP therapy in situations where the heart is not beating at normal resting rates, such as exercise.
[0074] The invention further provides for the application of less ATP therapies due to the more accurate delivery of
ATP pulses, which creates less power consumption and a longer battery life of a device utilizing the techniques of the
invention. Battery life is an important factor when considering implantable devices since replacing a battery requires a
surgical procedure. More accurate delivery of ATP pulses also results in more accurate ATP therapies, which decreases
the probability of a tachycardia accelerating to a more dangerous fibrillation. Furthermore, the more accurate ATP therapy
can help prevent the application of long, unsuccessful ATP therapies, which may allow the patient to lose consciousness
before the therapy is effective.
[0075] Some of the techniques described above may be embodied as a computer-readable medium comprising in-
structions for a programmable processor such as microprocessor 82 or pacer timing/control circuitry 94 shown in FIG.
2. The programmable processor may include one or more individual processors, which may act independently or in
concert. A "computer-readable medium" includes but is not limited to read-only memory, Flash memory and a magnetic
or optical storage medium. The medium includes instructions for causing a processor to detect a tachycardia within a
heart, estimate an APD based on a heart rate over a period of time prior to the detection of the tachycardia and set a
pacing interval of the ATP pulses based on the estimate of APD. The medium may also include instructions for causing
a programmable processor to estimate the APD using the interval between P-waves signals, the interval between R-
wave signals and T-wave signals. The medium may further include instructions for causing a programmable processor
to estimate a second APD, whereby the pacing interval of the ATP pulses is based on the second estimate of APD.

Claims

1. A device comprising:

at least one electrode (22, 24, 34, 36) to detect electrical activity associated with tachycardia; and
a processor (82) configured to determine an estimate of action potential duration and set at a time of application
of anti-tachycardia pacing pulses a pacing interval of said anti-tachycardia pacing pulses based on the estimate
of action potential duration within a heart whereby said processor detects a tachycardia associated with the
detected electrical activity and estimates the action potential duration based on heart rate over a period of time
prior to the detection of the tachycardia; characterized in that said device further comprises a T-wave detection
module to detect T-waves within the heart, wherein the processor is configured to calculate the estimate of
action potential duration as a function of the T-wave signals received by the processor from the T-wave detection
module.
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2. The device of claim 1, wherein at least one electrode to detect electrical activity associated with a tachycardia
includes an electrode to detect tachycardia in an atrium of the heart.

3. The device of claim 1 or 2, wherein at least one electrode to detect electrical activity associated with a tachycardia
includes an electrode to detect tachycardia in a ventricle of the heart.

4. The device of claim 1, further comprising memory (90) to store heart rate over the period of time.

5. The device of claim 4, wherein the processor is further adapted to determine an effective diastolic interval based
on the heart rate over a period of time and the memory further stores the diastolic interval as a state variable.

6. The device of claim 4, wherein the memory further stores the estimate of APD, a diastolic interval, an ATP therapy
parameter and the like.

7. The device of any preceding claim, further comprising a pulse generator to apply the anti-tachycardia pacing pulses
to the heart via at least one electrode, wherein at lest one of the electrodes is electrically coupled to the pulse
generator.

8. A computer-readable medium comprising instructions which, when run on the device of any preceding claim, cause
the processor to:

detect a tachycardia within a heart;
estimate an action potential duration based on a heart rate over a period of time prior to the detection of the
tachycardia; and
set a pacing interval of the anti-tachycardia pacing pulses based on the estimate of action potential within the
heart at a time of application of anti-tachycardia pacing pulses, characterized in that
the instructions that cause the processor to estimate an action potential duration includes instructions that cause
the processor to calculate the estimate of action potential duration as a function of T-wave signals.

Patentansprüche

1. Vorrichtung, mit:

wenigstens einer Elektrode (22, 24, 34, 36), um eine elektrische Aktivität, die einer Tachykardie zugeordnet ist,
zu detektieren; und
einem Prozessor (82), der konfiguriert ist, um eine Schätzung einer Aktionspotentialdauer zu bestimmen und
während bzw. bei der Anwendung von Antitachykardie-Schrittmacherimpulsen ein Schrittmacherintervall der
Antitachykardie-Schrittmacherimpulse auf der Grundlage der Schätzung der Aktionspotentialdauer in einem
Herzen einzustellen, wodurch der Prozessor eine der detektierten elektrischen Aktivität zugeordnete Tachy-
kardie detektiert und die Aktionspotentialdauer anhand der Herzrate während einer Zeitdauer vor der Detektion
der Tachykardie schätzt; dadurch gekennzeichnet, dass die Vorrichtung ferner ein T-Wellen-Detektionsmodul
enthält, um T-Wellen im Herzen zu detektieren, wobei der Prozessor konfiguriert ist, um die Schätzung der
Aktionspotentialdauer als Funktion der T-Wellen-Signale, die der Prozessor von dem T-Wellen-Detektionsmodul
empfängt, zu berechnen.

2. Vorrichtung nach Anspruch 1, wobei wenigstens eine Elektrode zum Detektieren einer einer Tachykardie zugeord-
neten elektrischen Aktivität eine Elektrode enthält, um eine Tachykardie in eine Atrium des Herzens zu detektieren.

3. Vorrichtung nach Anspruch 1 oder 2, wobei wenigstens eine Elektrode zum Detektieren einer einer Tachykardie
zugeordneten elektrischen Aktivität eine Elektrode enthält, um eine Tachykardie in einem Ventrikel des Herzens zu
detektieren.

4. Vorrichtung nach Anspruch 1, die ferner einen Speicher (90) enthält, um die Herzrate über eine Zeitdauer zu spei-
chern.

5. Vorrichtung nach Anspruch 4, wobei der Prozessor ferner dazu ausgelegt ist, ein effektives diastolisches Intervall
anhand der Herzrate über eine Zeitdauer zu bestimmen, und der Speicher ferner das diastolische Intervall als eine
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Zustandsvariable speichert.

6. Vorrichtung nach Anspruch 4, wobei der Speicher ferner die APD-Schätzung, ein diastolisches Intervall, einen ATP-
Therapieparameter und dergleichen speichert.

7. Vorrichtung nach einem vorhergehenden Anspruch, die ferner einen Impulsgenerator enthält, um die Antitachykar-
die-Schrittmacherimpulse auf das Herz über wenigstens eine Elektrode anzuwenden, wobei wenigstens eine der
Elektroden mit dem Impulsgenerator elektrisch gekoppelt ist.

8. Computerlesbares Medium, das Befehle enthält, die dann, wenn sie in der Vorrichtung nach einem vorhergehenden
Anspruch ablaufen, den Prozessor dazu veranlassen:

eine Tachykardie in einem Herzen zu detektieren;
eine Aktionspotentialdauer anhand einer Herzrate über eine Zeitdauer vor der Detektion der Tachykardie zu
schätzen; und
ein Schrittmacherintervall der Antitachykardie-Schrittmacherimpulse anhand der Schätzung des Aktionspoten-
tials in dem Herzen während der Anwendung von Antitachykardie-Schrittmacherimpulsen einzustellen,
dadurch gekennzeichnet, dass
die Befehle, die den Prozessor dazu veranlassen, eine Aktionspotentialdauer zu schätzen, Befehle enthalten,
die den Prozessor dazu veranlassen, die Schätzung der Aktionspotentialdauer als Funktion von T-Wellen-
Signalen zu berechnen.

Revendications

1. Dispositif comportant :

au moins une électrode (22, 24, 34, 36) pour détecter une activité électrique associée à une tachycardie ; et
un processeur (82) configuré pour déterminer une estimation de durée de potentiel d’action et définir, au moment
de l’application d’impulsions de stimulation anti-tachycardie, un intervalle de stimulation desdites impulsions
de stimulation anti-tachycardie sur la base de l’estimation de la durée de potentiel d’action dans un coeur, dans
lequel ledit processeur détecte une tachycardie associée à l’activité électrique détectée et estime la durée de
potentiel d’action sur la base de la fréquence cardiaque sur une période de temps antérieure à la détection de
la tachycardie ; caractérisé en ce que ledit dispositif comporte en outre un module de détection d’onde T pour
détecter des ondes T dans le coeur, dans lequel le processeur est configuré pour calculer l’estimation de durée
de potentiel d’action en fonction des signaux d’onde T reçus par le processeur en provenance du module de
détection d’onde T.

2. Dispositif selon la revendication 1, dans lequel au moins une électrode pour détecter une activité électrique associée
à une tachycardie inclut une électrode pour détecter une tachycardie dans une oreillette du coeur.

3. Dispositif selon la revendication 1 ou 2, dans lequel au moins une électrode pour détecter une activité électrique
associée à une tachycardie inclut une électrode pour détecter une tachycardie dans un ventricule du coeur.

4. Dispositif selon la revendication 1, comportant en outre une mémoire (90) pour mémoriser une fréquence cardiaque
sur la période de temps.

5. Dispositif selon la revendication 4, dans lequel le processeur est en outre adapté pour déterminer un intervalle
diastolique réel sur la base de la fréquence cardiaque sur une période de temps et la mémoire mémorise en outre
l’intervalle diastolique en tant que variable d’état.

6. Dispositif selon la revendication 4, dans lequel la mémoire mémorise en outre l’estimation de APD, un intervalle
diastolique, un paramètre de thérapie ATP et analogue.

7. Dispositif selon l’une quelconque des revendications précédentes, comportant en outre un générateur d’impulsions
pour appliquer des impulsions de stimulation anti-tachycardie au coeur via au moins une électrode, dans lequel au
moins l’une des électrodes est électriquement couplée au générateur d’impulsions.
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8. Support lisible par ordinateur comportant des instructions lesquelles, lorsqu’elles sont exécutées sur le dispositif
de l’une quelconque des revendications précédentes, amènent le processeur à :

détecter une tachycardie dans un coeur ;
estimer une durée de potentiel d’action sur la base d’une fréquence cardiaque sur une période de temps avant
la détection de la tachycardie ; et
établir un intervalle de stimulation des impulsions de stimulation anti-tachycardie sur la base de l’estimation de
potentiel d’action dans le coeur au moment de l’application d’impulsions de stimulation anti-tachycardie, ca-
ractérisé en ce que
les instructions qui amènent le processeur à estimer une durée de potentiel d’action incluent des instructions
qui amènent le processeur à calculer l’estimation de durée de potentiel d’action en fonction de signaux d’onde T.
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