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Description

[0001] The present invention relates to implantable medical devices, and more particularly to a dual-chamber im-
plantable pacemaker or pacemaker system having an improved upper rate response adapted to synchronize the atrium
of a patient's heart with the ventricle for a higher percentage of the time, thereby enhancing the upper rate cardiac
output.
[0002] The basic function of the heart is to pump (circulate) blood throughout the body. The blood serves as a medium
for delivering oxygen and nutrients to the various tissues while removing waste products and carbon dioxide. The heart
is divided into four chambers comprised of two atria and two ventricles. The atria are the collecting chambers holding
the blood which returns to the heart until the ventricles are ready to receive this blood. The ventricles are the primary
pumping chambers. The pumping function of the heart is achieved by a coordinated contraction of the muscular walls
of the atria and the ventricles.
[0003] The atria are more than simple collecting chambers. The atria contain the heart's own (natural, native or
intrinsic) pacemaker that controls the rate at which the heart beats or contracts. In addition, the atrial contraction helps
to fill the ventricle, further contributing to optimal filling and thus maximizing the amount of blood which the heart is
able to pump with each contraction. Thus, atrial contraction is followed after a short period of time (normally 120 to
200 ms) by ventricular contraction.
[0004] The period of cardiac contraction during which the heart actively ejects the blood into the arterial blood vessels
is called systole. The period of cardiac relaxation during which the chambers are being filled with blood is called diastole.
Atrial and ventricular systole are sequenced allowing the atrial contraction to help optimally fill the ventricle. This is
termed AV synchrony.
[0005] A cardiac cycle comprises one sequence of systole and diastole. It can be detected by counting the patient's
pulse rate. It is also reflected by the cardiac rhythm as recorded by an electrocardiogram (ECG) or electrogram (EGM).
The ECG is a recording of the electrical activity of the heart as seen using surface electrodes placed on the surface
of the body. The EGM is a recording of the electrical activity of the heart as seen using electrodes placed within the
heart. The electrical activity refers to the cardiac depolarization in either the atrium and/or ventricle. In general, on the
ECG or EGM, the atrial depolarization is represented by a P-wave, while the ventricular depolarization is represented
by a QRS complex, usually abbreviated as an "R-wave". The electrical depolarization triggers or initiates the active
muscular contraction. Once the cardiac cells are depolarized, they must repolarize in order for the next depolarization
and contraction to occur. Ventricular repolarization is represented by the T-wave. Atrial repolarization is rarely seen on
an ECG or EGM as it occurs at virtually the same time as the R-wave, and is thus hidden by this large electrical signal.
[0006] A normal heart rate varies between 60 to 100 beats per minute (bpm) with an average of 72 bpm resulting in
approximately 100,000 heartbeats per day.
[0007] The amount of blood that the heart pumps in one minute is called the cardiac output. It is calculated by the
amount of blood ejected with each heartbeat (stroke volume) multiplied by the number of heartbeats in a minute. If the
heart rate is too slow to meet the physiologic requirements of the body, the cardiac output will not be sufficient to meet
the metabolic demands of the body. Too slow of a heart rate, termed a bradycardia, may thus result in one of two major
symptoms: (1) if the heart effectively stops with no heartbeat, there will be no blood flow and if this is sustained for a
critical period of time (10 to 30 seconds), the individual will faint; or (2) if there is a heartbeat but it is too slow, the
patient will be tired and weak (termed low cardiac output).
[0008] A pacemaker is a medical device that is used to selectively stimulate the heart with electrical stimulation
pulses aimed at assisting it to perform its function as a pump. Normally, the stimulation pulses are timed to keep the
heart rate above a prescribed limit, i.e., to treat a bradycardia. A pacemaker may thus be considered as a pacing
system. The pacing system is comprised of two major components. One component is a pulse generator which gen-
erates the stimulation pulse and includes the electronic circuitry and the power cell or battery. The other is the lead or
leads which electrically couple the pacemaker to the heart.
[0009] The pacemaker delivers an electrical stimulus to the heart to cause the heart to contract when the patient's
own intrinsic rhythm fails. To this end, pacemakers include sensing circuits that sense the EGM, and in particular that
sense the P-waves and/or R-waves in the EGM. By monitoring such P-waves and/or R-waves, the pacemaker circuits
are able to determine the intrinsic rhythm of the heart, and provide stimulation pulses that force atrial and/or ventricular
depolarization at appropriate times in the cardiac cycle so as to help stabilize the electrical rhythm of the heart.
[0010] Pacemakers are described as either single-chamber or dual-chamber systems. A single-chamber system
stimulates and senses the same chamber of the heart (atrium or ventricle). A dual-chamber system stimulates and/or
senses in both chambers of the heart (atrium and ventricle). Dual-chamber systems may typically be programmed to
operate in either a dual-chamber mode or a single-chamber mode.
[0011] A three letter code (sometimes expanded to a four or five letter code) is used to describe the basic mode in
which the pacemaker is operating. The first three letters refer specifically to electrical stimulation for the treatment of
bradycardia, with the first letter indicating the chamber(s) of the heart where the electrical stimulus is delivered (A=atri-
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um; V=ventricle; D=dual or both), the second letter identifying the chamber(s) in which sensing occurs, and the third
letter identifying the way a pacemaker responds to a sensed signal (I=inhibited; T=trigger; D=dual or both sensing
responses). A fourth position (when used) identifies the degree of programmability and rate modulation, and a fifth
position (when used) refers to electrical stimulation therapy for the primary treatment of fast heart rhythms or tachyar-
rhythmias or tachycardias.
[0012] A popular mode of operation for dual-chamber pacemakers is the DDD mode. Specifically, DDD systems
provide atrial pacing during atrial bradycardia, ventricular pacing during ventricular bradycardia, and atrial and ven-
tricular pacing during combined atrial and ventricular bradycardia. In addition, DDD systems provide an atrial synchro-
nous mode. Such features more closely approximate the normal response to exercise, or other physiological activity
demanding a faster heart rate, by permitting a rate increase to occur commensurate with the rate of the sensed P-
wave. This advantageously increases cardiac output and facilitates maintenance of AV synchrony.
[0013] Most implantable pacemakers also include some type of upper rate limiting feature to prevent the pacemaker
from providing stimulation pulses at a rate that exceeds a prescribed upper rate limit. Such upper rate limit is usually
referred to as a "Maximum Tracking Rate", or MTR. The response to upper rate limiting is commonly referred to as
Pacemaker Mediated "Wenkebach" Phenomenon.
[0014] EP0118780 - Vitafin, relates to a programmable dual-chamber cardiac pacemaker, which provides means for
responding to sensed high atrial rates by determining if the atrial rate is physiological or not. The pacemaker is permitted
to go into Wenkebach mode only when it is determined that a sensed high atrial rate is physiological. With high rate
conditions it will automatically go into a block mode of operation.
[0015] When Pacemaker Mediated "Wenkebach" Phenomenon occurs, two major consequences usually result. First,
when the atrial rate exceeds the MTR, then the PV interval may be prolonged to prevent stimulation at rates exceeding
the MTR. The effect is a prolonging of the A-V interval, or the interval between atrial activity and ventricular activity.
Second, a P-wave may occasionally occur during the post ventricular atrial refractory period (PVARP), which period
immediately follows a V-pulse. P-waves that occur during PVARP are ignored. Hence, it is necessary to wait for the
next P-wave to occur before a V-pulse is triggered after a PV interval. The effect is a prolongation of the V-to-V interval
to an interval that is longer than the MTR interval (MTRI), where the MTRI=1/MTR when the MTR is expressed in
cardiac cycles per second. Either effect above is hemodynamically deleterious. That is, the consequence of a prolonged
A-V interval is that the cardiac output decreases because of loss of proper timing of the "atrial kick". Moreover, the
occasional prolonging of the V-to-V interval results in the average heart rate being less than the rate available at the
MTR. Further, at very high atrial rates or when PVARP is relatively long, the upper rate behavior appears as a 2:1 or
higher block (i.e., every other, or every nth, P-wave is blocked by PVARP and is thus not recognized). The consequence
is a ventricular rate that is usually 1/2 of the atrial rate. Such a low ventricular rate, even though the "atrial kick" remains
intact (at least one-half of the time), can also be very deleterious hemodynamically. In addition, if the unsensed P-wave
occurs during systole, then mitral or tricuspid regurgitation may occur. Such regurgitation further degrades hemody-
namic performance.
[0016] In addition to the above-described degradation of hemodynamic performance caused by prolongation of the
PV interval, a prolongation of the PV interval also problematically affects the electrophysiologic performance of the
pacemaker/cardiac system. That is, a prolongation of the PV interval enhances the probability of retrograde conduction,
as does the upper rate limiting provided by Wenkebach performance. Retrograde conduction, in turn, leads to a much
greater susceptibility to a pacemaker mediated tachycardia (PMT). What is needed, therefore, is an improved upper
rate performance that does not require the PV interval to be lengthened, but rather preserves the PV interval at a fixed
value, thereby reducing the likelihood of retrograde conduction, and minimizing the susceptibility of the pacemaker/
cardiac system to a PMT.
[0017] The present invention advantageously addresses the above and other needs.
[0018] The invention is defined in the independent claims attached hereto. Preferred features of the invention are
defined in the dependent claims.
[0019] The present invention provides a dual-chamber implantable pacemaker that achieves improved upper rate
performance by synchronizing the atrium with the ventricle for a higher percentage of the time, thereby increasing
stroke volume and optimizing cardiac output. Such synchronization is achieved by operating the pacemaker in a mod-
ified P-tracking mode that tracks P-waves up to a maximum instantaneous tracking rate only for short periods of time,
thereby providing maximum instantaneous ventricular heart rate, yet limits the maximal mean (or average) ventricular
rate over a longer period of time (e.g., one minute) to a value that is less than or equal to a maximum mean rate (MMR).
[0020] The improved upper rate performance of a pacemaker operating in accordance with the present invention is
referred to as "atrial locked interval" pacing. Atrial locked interval pacing is achieved by operating the pacemaker in a
modified P-tracking mode. A P-tracking mode is simply a mode during which sensed P-waves are "tracked" by having
a ventricular stimulus follow each sensed P-wave after a PV delay or PV interval, unless an R-wave is sensed prior to
the termination of the PV delay. (Note: as used herein, the term "PV delay" is synonymous with "PV interval".)
[0021] In accordance with the present invention, at least two embodiments of modified P-tracking modes are con-
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templated, each of which may be implemented in more than one way (i.e., there are variations of each embodiment).
Each embodiment may be implemented in the pacemaker as a programmable option or as a factory setting.
[0022] In a first modified P-wave tracking mode embodiment, a sequence of timed intervals begin at the sensing of
each P-wave, and define the pacing cycle. Such sequence of timed intervals may include, e.g.: (1) a PV interval,
following which a V-pulse is generated; (2) a post ventricular atrial refractory period (PVARP); (3) a Wenkebach interval;
(4) an atrial lock interval; and (4) a P-track interval. P-waves are not sensed, i.e., not tracked, should they occur during
the PV interval or PVARP. P-waves that occur during the Wenkebach interval or Atrial lock interval are tracked, as
explained below, but not in a conventional manner. P-waves that occur during the P-track interval are tracked in a
conventional manner.
[0023] If a P-wave is sensed during the Wenkebach interval, then a P-wave signal is latched and a phantom P-wave
is assumed to occur at the conclusion of the Atrial lock interval. This phantom P-wave triggers the beginning of a new
cardiac cycle, i.e., a new PV delay, following which a V-pulse is generated, following which PVARP is initiated, and so
on. In this way, the P-wave-during-the-Wenkebach interval is tracked,- but not at a rate that exceeds 1/
(PVI+PVARP+WI+ALI) where PVI is the PV interval or delay, WI is the Wenkebach interval, and ALI is the atrial lock
interval.
[0024] If a P-wave occurs during the atrial lock interval, then such P-wave is tracked, i.e., a new PV delay is imme-
diately started, following which a V-pulse is generated. However, in order to limit the maximum mean ventricular rate,
the next PVARP is not started until after a phantom PV delay has elapsed which begins at the conclusion of the atrial
lock interval during which the P-wave is tracked. In this way, the mean Ventricular rate for P-waves tracked during the
ALI approaches or remains below the rate described by 1/(PV+PVARP+WI+ALI) .
[0025] P-waves that occur during the P-track interval are tracked in conventional manner. That is, a sensed P-wave
during the P-track interval triggers the beginning of a new cycle comprising: a PV delay, after which a V-pulse is gen-
erated, followed by PVARP, followed by the Wenkebach interval, followed by the atrial lock interval, and followed by
another P-track interval.
[0026] Variations of the first modified P-wave tracking mode embodiment include: (1) reversing the WI and ALI in
the sequence of timed intervals that define the pacing cycle, so that the sequence comprises the PVI, followed by the
PVARP, followed by the ALI, followed by the WI, followed by the P-track interval; or (2) starting the PVI, in response
to a sensed P-wave, at the conclusion of the WI, rather than at the end of the ALI, as in the first embodiment described
above.
[0027] In a second modified P-wave tracking mode embodiment, a maximum mean rate interval (MMRI) is defined
to be equal to 1/MMR and is allowed to free run without being synchronized to the cardiac cycle of any sensed events.
That is, the MMRI is an asynchronous signal that is simply defined by one MMRI followed by another. During each
pacing cycle, the number of atrial or ventricular events that happen to occur during the current MMRI are noted. In a
first variation of this free-running embodiment, ventricular stimulation pulses (V-pulses) are not generated if the resulting
ventricular depolarization would represent the second ventricular depolarization of the current MMRI. In a second
variation of the free-running embodiment, only the first P-wave within the current MMRI is tracked. In either variation,
the result is the same: the ventricular stimulation rate is limited to a rate that, on average, is the same as the rate of
the MMRI signal.
[0028] Advantageously, in either the first or second embodiments of the modified P-wave tracking modes described
above, or their variations, the maximum instantaneous tracked heart rate is 1/(PVI+PVARP+WI) . Thus, P-wave tracking
may occur for short periods of time up to this maximum instantaneous rate. However, over the long term (e.g., for time
periods longer than about one minute), the maximal mean heart rate (MMR) will be something less than the instanta-
neous rate. For the first embodiment of the modified P-wave tracking mode, for example, the maximal mean heart rate
approaches 1/(PVI+PVARP+WI+ALI) . For the second embodiment (free-running MMRI) of the modified P-wave track-
ing mode, the maximal mean heart rate matches 1/MMRI. Hence, while the ventricular heart rate is limited to an ap-
propriate mean or average upper rate, the present invention allows it to exceed the maximum mean rate for short
periods of time while still tracking sensed P-waves. The result is that P-waves and V-pulses remain synchronized more
often at the upper rate limits of the pacemaker, thereby increasing stroke volume and improving cardiac output. Such
synchronizing also minimizes the likelihood of retrograde conduction.
[0029] It is a feature of the present invention to provide a pacemaker that offers improved upper rate performance,
i.e., that synchronizes the atrium with ventricle for a higher percent of the time (higher than "Pacemaker Mediated
Wenkebach"), thereby increasing stroke volume and minimizing retrograde conduction.
[0030] It is another feature of the invention to provide upper rate limiting in a P-wave tracking mode that limits the
average ventricular rate to a maximum mean rate, yet allows short term P-wave tracking (and hence an instantaneous
ventricular rate) that exceeds the maximum mean rate.
[0031] It is a further feature of the invention, in accordance with one embodiment thereof, to provide upper rate
limiting that is achieved with a "floating" or "free running" MMRI interval signal, i.e., an asynchronous MMRI signal,
that is not triggered or controlled by cardiac events.
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[0032] It is an additional feature of the invention to provide reliable upper rate limiting in an implantable dual-chamber
pacemaker that is easy and inexpensive to implement, requiring a minimum amount of hardware and/or software
components.
[0033] Embodiments of the invention will now be described, by way of example, with reference to the drawings, of
which:

FIG. 1 is a functional block diagram of an implantable dual-chamber pacemaker;
FIG. 2 is a block diagram of a pacing system that depicts the main hardware components of an implantable pace-
maker;
FIG. 3 is a block diagram of the analog chip portion of the pacemaker of FIG. 2;
FIG. 4 is a block diagram of the digital chip portion of the pacemaker of FIG. 2, and illustrates the use of a micro-
processor to control the operation of the pacemaker;
FIG. 5 is a block diagram of a state-machine based dual-chamber pacemaker of a type that could be used to
implement the present invention;
FIG. 6 illustrates P-waves and R-waves associated with a basic cardiac cycle;
FIG. 7 is a timing waveform diagram that depicts the various ventricular-based timing intervals commonly used to
limit the upper rate performance of a pacemaker;
FIG. 8 is a timing waveform diagram as in FIG. 7, but depicts atrial-based timing instead of ventricular-based timing;
FIG. 9-1 is a timing diagram that illustrates the various timing intervals, including an atrial lock interval (ALI) , that
are used to define a pacing interval in accordance with a first variation of the first modified P-wave tracking mode
of the present invention;
FIG. 9-2 is a timing diagram that illustrates the response of a pacemaker in accordance with the first variation of
the modified P-wave tracking mode of FIG. 9-1 when a P-wave occurs during the Wenkebach interval;
FIG. 9-3 is a timing diagram that depicts the response of a pacemaker in accordance with the first variation of the
modified P-wave tracking mode of FIG. 9-1 when a P-wave is sensed during the atrial lock interval;
FIG. 10-1 is a timing diagram that illustrates the various timing intervals, including an atrial lock interval (ALI), that
are used to define a pacing interval in accordance with a second variation of the first modified P-wave tracking
mode of the present invention;
FIG. 10-2 is a timing diagram that illustrates the response of a pacemaker in accordance with the second variation
of the modified P-wave tracking mode of FIG. 10-1 when a P-wave occurs during the atrial lock interval;
FIG. 10-3 is a timing diagram that depicts the response of a pacemaker in accordance with the second variation
of the modified P-wave tracking mode of FIG. 10-1 when a P-wave is sensed during the Wenkebach interval;
FIG. 11 is a timing diagram that depicts the use of a free-running maximum mean rate interval (MMRI) in accordance
with a second modified P-wave tracking mode of the invention;
FIG. 12 is a timing diagram that shows a variation of the free-running MMRI approach shown in FIG. 11;
FIGS. 13-1 and 13-2 depict a flowchart that illustrates the manner in which a pacemaker carries out atrial lock
interval pacing as shown in FIGS. 8-10;
FIG. 14 shows a flowchart that illustrates the free-running MMRI approach of atrial lock interval pacing as shown
in FIG. 11;
FIG. 15 similarly shows a flowchart that depicts the free-running MMRI approach of atrial lock interval pacing as
shown in FIG. 12;
FIG. 16 is a graph illustrating relative stroke volume as a function of PV delay during Wenkebach Pacing (with
ALI=0), and shows that (for the conditions shown) the average relative stroke volume is on the order of 90%;
FIG. 17 is a graph illustrating relative stroke volume for a PV delay of 150 msec and an atrial lock interval of 130
msec (with the Wenkebach interval=0), and shows that (for the conditions shown) the average relative stroke
volume approaches 100%;
FIG. 18 is a graph illustrating atrial lock interval pacing in combination with Wenkebach pacing, and shows that
(for the conditions shown) the average stroke volume is on the order of 92.5%;
FIG. 19 graphically depicts atrial lock interval pacing in accordance with a free-running MMRI, and shows that (for
the conditions shown) the average stroke volume is 100%.

[0034] As indicated above, the present invention is directed to an implantable dual-chamber pacemaker that provides
atrial lock interval (ALI) pacing in an attempt to improve stroke volume when the pacemaker is operating at or near its
upper rate limits. In describing the present invention, reference will first be made to FIG. 1, where a functional block
diagram of a dual-chamber pacemaker 10 is illustrated. Such functional diagram is used to initially teach the primary
functions carried out by a dual-chamber pacemaker. Various embodiments of the actual components used within the
pacemaker 10 to carry out the pacemaker functions will then be described in conjunction with FIGS. 2-5. The basic
pacing cycle and prior techniques used to limit the upper rate performance of a pacemaker will then be briefly described
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in connection with FIGS. 6 and 7. Next, techniques or methods used by the pacemaker 10 to implement the present
invention will be described in conjunction with FIGS. 8-15. Finally, the results achieved using the present invention will
be presented in conjunction with the graphs of FIGS. 16-19.
[0035] Advantageously, a wide variety of dual-chamber pacemaker configurations and pacemaker components and/
or hardware may be used to implement the invention. The descriptions that follow are only exemplary of a few such
configurations.
[0036] Referring first to FIG. 1, a pacemaker 10 is coupled to a heart 12 by way of leads 14 and 16. (Note, in sub-
sequent figures, e.g., FIG. 2, the leads 14 and 16 are referred to as the lead system 19.) The lead 14 has an electrode
15 that is in contact with one of the atria of the heart, and the lead 16 has an electrode 17 that is in contact with one
of the ventricles of the heart. The leads 14 and 16 carry stimulating pulses to the electrodes 15 and 17 from an atrial
pulse generator (A-PG) 18 and a ventricular pulse generator (V-PG) 20, respectively. Further, electrical signals from
the atria are carried from the electrode 15, through the lead 14, to the input terminal of an atrial channel sense amplifier
(P-AMP) 22; and electrical signals from the ventricles are carried from the electrode 17, through the lead 16, to the
input terminal of a ventricular sense channel amplifier (R-AMP) 24.
[0037] Controlling the dual-chamber pacer 10 is a control circuit or control system 26. The control system 26 receives
the output signals from the atrial amplifier 22 over signal line 28. Similarly, the control system 26 receives the output
signals from the ventricular amplifier 24 over signal line 30. The output signals on signal lines 28 and 30 are generated
each time that a P-wave or an R-wave is sensed within the heart 12. The control circuit or system 26 also generates
trigger signals that are sent to the atrial pulse generator 18 and the ventricular pulse generator 20 over signal lines 32
and 34, respectively. These trigger signals are generated each time that a stimulation pulse is to be generated by the
respective pulse generator 18 or 20. A stimulation pulse generated by the A-PG 18 is referred to as the "A-pulse," and
the stimulation pulse generated by the V-PG 20 is referred to as the "V-pulse." During the time that either an A-pulse
or V-pulse is being delivered to the heart, the corresponding amplifier, P-AMP 22 and/or R-AMP 24, is typically disabled
by way of a blanking signal presented to these amplifiers from the control system over signal lines 36 and 38, respec-
tively. This blanking action prevents the amplifiers 22 and 24 from becoming saturated from the relatively large A-pulse
or V-pulse, respectively, that is present at the input terminals of such amplifiers during this time. Such blanking action
also helps prevent residual electrical signals present in the muscle tissue as a result of the pacer stimulation from being
interpreted as P-waves or R-waves.
[0038] Still referring to FIG. 1, the pacemaker 10 also includes a memory circuit 40 that is coupled to the control
system 26 over a suitable data/address bus 42. The memory circuit 40 allows certain control parameters, used by the
control system 26 in controlling the operation of the pacemaker, to be programmably stored and modified, as required,
in order to customize the pacer's operation to suit the needs of a particular patient. Such data includes the basic timing
intervals used during operation of the pacemaker, such as the programmed atrial escape interval (AEI) and the max-
imum mean rate interval (MMRI). Further, data sensed during the operation of the pacer may be stored in the memory
40 for later retrieval and analysis.
[0039] A telemetry circuit 44 is further included in the pacemaker 10. This telemetry circuit 44 is connected to the
control system 26 by way of a suitable command/data bus 46. In turn, the telemetry circuit 44, which is included within
the implantable pacer 10, may be selectively coupled to an external programming device 48 by means of an appropriate
communication link 50. The communication link 50 may be any suitable electromagnetic link, such as an RF (radio
frequency) channel, inductive coupling, or the like. Advantageously, through the external programmer 48 and the com-
munication link 50, desired commands may be sent to the control system 26. Similarly, through this communication
link 50 and the programmer 48, data (either held within the control system 26, as in a data latch, or stored within the
memory 40), may be remotely received from the pacer 10. In this manner, noninvasive communications can be estab-
lished from time to time with the implanted pacer 10 from a remote, non-implanted location. Many suitable telemetry
circuits known in the art that may be used with the present invention for the telemetry circuit 44. See, e.g., U.S. Patent
No. 4,847,617, incorporated herein by reference.
[0040] The pacer 10 in FIG. 1 is referred to as a dual-chamber pacemaker because it interfaces with both the atria
and the ventricles of the heart. Those portions of the pacer 10 that interface with the atria, e.g., the lead 14, the P-
wave sense amplifier 22, the A-pulse generator 18, and corresponding portions of the control system 26, are commonly
referred to as the atrial channel. Similarly, those portions of the pacer 10 that interface with the ventricles, e.g., the
lead 16, the R-wave sense amplifier 24, the V-pulse generator 20, and corresponding portions of the control system
26, are commonly referred to as the ventricular channel. Throughout the discussion that follows, reference may be
made to "atrial channel activity" or "ventricular channel activity." Atrial channel activity comprises either the sensing of
a P-wave by the sense amplifier 22, or the generating of an A-pulse by the A-pulse generator 18. Similarly, ventricular
channel activity comprises either the sensing of an R-wave by the sense amplifier 24 or the generation of a V-pulse
by the V-pulse generator 20.
[0041] In some pacemakers that implement the present invention, the pacemaker 10 may further include one or
more physiological sensors 52 that is/are connected to the control system 26 of the pacer over a suitable connection
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line 54. While the sensor 52 is illustrated in FIG. 1 as being included within the pacer 10, it is to be understood that the
sensor may also be external to the pacer 10, yet still be implanted within or carried by the patient. A common type of
sensor is an activity sensor, such as a piezoelectric crystal, mounted to the case of the pacemaker. Other types of
physiologic sensors, such as sensors that sense the oxygen content of blood, respiration rate, pH of blood, body
position, and the like, may also be used in lieu of, or in addition to, an activity sensor. The type of sensor, if any, used
is not critical to the present invention. Any sensor or combination of sensors capable of sensing some physiological
parameter relatable to the rate at which the heart should be beating can be used. A pacemaker using such sensors is
commonly referred to as a "rate-responsive" pacemaker because it adjusts the pacing rate (escape interval) of the
pacer in a manner that tracks the physiological needs of the patient.
[0042] Referring next to FIG. 2, there is shown a preferred configuration for a pacing system that implements the
present invention. The system includes the external programmer 48, the implantable pacemaker 10, and the lead
system 19. The lead system 19 includes conventional atrial and ventricular leads and electrodes, as described previ-
ously. The lead system 19 may also include an oxygen sensor lead, which lead contains an LED-detector assembly
used to measure the oxygen content of the blood. Such a lead is described, e.g, in U.S. Patent No. 4,815,469.
[0043] The external programmer 48 includes a telemetry head 49 that is positioned proximate the implantable pace-
maker 10 whenever the communication link 50 is to be established between the pacemaker 10 and the external pro-
grammer 48. The external programmer may be of conventional design, as described, e.g., in U.S. Patent No. 4,809,697.
[0044] The components of the pacemaker 10 are housed within a suitable sealed case or housing 400 (which case
or housing is represented in FIG. 2 by the dashed line 400). The case 400 is preferably a titanium metal case. The
components within the case 400 include an RF coil 402, a memory chip 404, a battery 406, one or more sensors in a
sensor circuit 408, a crystal 410, an output/protection network 412, an analog chip 420 and a digital chip 440.
[0045] The battery 406, which is by volume the largest component within the pacemaker 10, may be of conventional
design, and is a lithium battery that provides operating power to all of the electronic circuits within the pacemaker. The
RF coil 402 is used to establish the communication link 50 with the telemetry head 49. The crystal 410 is used in
conjunction with a crystal oscillator circuit on the digital chip 440 (described below) to provide a stable clock frequency
for the pacemaker circuits. In the preferred embodiment, the frequency of the crystal oscillator is 32 KHz, although any
suitable frequency could be used. The sensor circuit 408 includes appropriate sensors used by the pacemaker as it
carries out a rate-responsive pacing function. For example, in one embodiment, the sensor circuit 408 includes an
accelerometer adapted to sense patient activity.
[0046] The memory chip 404 is a low-power static random access memory (RAM) chip wherein the operating pa-
rameters, e.g., control variables, of the pacemaker may be stored, and wherein sensed data may be stored, as required.
The analog chip 420 and the digital chip 440 contain the main processing and control circuits of the pacemaker. These
chips are advantageously designed to minimize the number of components needed external thereto for operation of
the pacemaker. The analog chip 420 interfaces with the lead system 19 through the output and protection network
412, which network includes output capacitors, appropriate feed-through connectors to allow electrical connection
through the hermetically sealed case, and the like, as are commonly used in implantable medical devices.
[0047] Referring next to FIG. 3, a block diagram of the analog chip 420 is shown. The analog chip contains all the
necessary sub-systems and modules to interface to the lead system 19 and the digital chip 440. For example, a startup/
bias-current/reference module 422 contains the power-up signals used to initialize the pacer circuit when the battery
is first applied. A low battery module 424 detects four voltage levels of the battery voltage for determining the battery
status. A case amplifier 426 generates a CASE bias voltage that is used as a reference for the sense and IEGM
(intracardiac electrogram) amplifier module 428. The module 428 includes the P-wave amplifier 22 and the R-wave
amplifier 24, described above in FIG. 1. A measured data module 430 measures the battery voltage and current and
other analog parameters of the pacing system. An ADC and Logic module 432 includes an analog-to-digital converter
and timing logic that are used to convert the analog signals of the pacemaker in to 8-bit digital words. These digital
words are then passed to a digital module 434, which module is used to generate all the basic timing and bus control
functions as data is passed back and forth between the analog chip 420 and the digital chip 440.
[0048] Still referring to FIG. 3, it is seen that a Runaway Protection (RAP) circuit oscillator 436 is also coupled to the
Digital Module 434. Such oscillator 436 provides an independent time base for limiting the highest pacing rate allowed
by the pacemaker. Further coupled to the digital module 434 is the sensor network 408. The sensor network 408
includes appropriate sensors for sensing activity and other parameters. For example, an O2 sensor circuit 409 may
be used in conjunction with the oxygen sensor lead, when used, to measure blood oxygen of the patient. An activity
sensor 408 may also be used to sense patient activity as measured, e.g., by an accelerometer. A charge pump circuit
438 generates the output voltages for the stimulation pulses that are delivered to the patient's heart. A network of
output switches 439 connects the charge developed by the pump circuit 438 to the output leads at the appropriate time
to form the appropriate stimulation pulses.
[0049] It is thus seen that the analog chip 420 contains the necessary circuitry to sense and detect atrial or ventricular
events, digitize IEGM waveforms, measured data and other various analog signals, and provide such sensed and



EP 0 753 325 B1

5

10

15

20

25

30

35

40

45

50

55

8

digitized signals to the digital module 434 for use by the digital chip 440. The charge pump circuit 438 acts as a voltage
doubler/tripler for high output pulse capability. The output pulse width is controlled by the output switches 439. The
condition of the battery is monitored, and independent Runaway Protection is provided.
[0050] Turning next to FIG. 4, it is seen that the main control element of the pacemaker is a microprocessor 442,
which microprocessor is included within the digital chip 440. The digital chip 440 contains all the necessary logic to
interface the analog chip 420 with the internal microprocessor 442. The microprocessor 442 includes a basic CPU
(central processing unit) and 8K of static RAM. In addition, an 8K by 8K RAM 446 is connected to the microprocessor
442 to store data and programs. Microprocessor support logic 444, also coupled to the microprocessor 442, includes
interrupt logic, timer logic, noise/sensed event logic, and magnet status logic. A bus controller 448 is further included
on the digital chip 440 to provide DMA timing and control of data transfer with the analog chip 420, including timing
and control of the analog-to-digital converter 432 (FIG. 10) and telemetry data. Telemetry channel logic 450 contains
clock logic, IEGM and marker logic, telemetry command protocol logic, telemetry interrupt logic, error checking logic
and CPU reset logic. An RF transceiver 452, coupled to the RF coil 402, transmits and receives telemetry data from
the external programmer 48 through the telemetry head 49 (see FIG. 4). A crystal oscillator circuit 456, in conjunction
with the crystal 410 (external to the digital chip 440) provides the crystal time base of the pacemaker system. A current
generator 454 provides the bias currents for the digital chip. A reed switch circuit 458 detects the presence of a magnetic
field, which magnetic field is present whenever the telemetry head 49 is in place on the patient's skin above the location
where the pacemaker is implanted.
[0051] The pacemaker circuitry described in connection with FIGS. 2-4 above provides the basic functions of the
pacemaker described in connection with FIG. 1, plus other pacing/sensing functions as are known in the art. For pur-
poses of the present invention, the pacemaker circuitry of FIGS. 2-4 sets the basic timing of the pacing interval, including
setting a PV interval, a VA interval, and a MMRI. The circuitry also provides for sensing or detecting natural ventricular
events (R-waves) and/or natural atrial events (P-waves), and for measuring the time interval between sensed atrial
events, i.e., a P-to-P interval, and paced ventricular events, e.g., a V-to-V interval.
[0052] Referring next to FIG. 5, a block diagram of an alternative embodiment of the control circuit or system 26 of
the pacer 10 (FIG. 1) is illustrated. It is noted that in addition to the embodiment of the invention illustrated above in
FIGS. 2-4, or below in FIG. 5, that still other embodiments of a control system 26 may be utilized. The embodiment
described above in FIGS. 2-4 shows a control system and pacemaker configuration that is based on a microprocessor.
Another representative microprocessor-based system is described, for example, in U.S. Patent 4,940,052, entitled
"Microprocessor Controlled Rate-Responsive Pacemaker Having Automatic Threshold Adjustment,".
[0053] The control system shown in FIG. 5 is based on a state machine wherein a set of state registers 60 define
the particular state of the pacer at any instant in time. As is known in the art, state machines may be realized using
dedicated hardware logic circuits, or a suitable processor (programmed-controlled circuit) to simulate such dedicated
hardware logic circuits. However implemented, the results are the same --the state of the pacer is defined at any instant
of time by the pacemaker logic and sensed events which transpire or fail to transpire, such as the sensing of an R-
wave, or the timing out of a timer. A complete description of FIG. 5, including basic state machine operation, may be
found in the patent applications that have been mentioned. The various circuits of the control system 26 of FIG. 5, or
simulated equivalents thereof, may be conventional, or may be patterned after known circuits available in the art.
Reference is made, for example, to U.S. Patent 4,712,555 wherein a state-machine type of operation for a pacemaker
is described; U.S. Patent 4,788,980, wherein the various timing intervals used within the pacemaker and their inter-
relationship are more thoroughly described; and U.S. Patent No. 4,944,298 wherein an atrial-rate based programmable
pacemaker is described, including a thorough description of the operation of the state logic used to control such a
pacemaker.
[0054] The details of the control system 26, whether based on a microprocessor, state machine, or other type of
control devices, or simulated control devices, are not critical to an understanding or implementation of the present
invention, and hence are not presented herein. Such details may be found in the referenced applications and patents,
if desired. All that is needed for purposes of the present invention is that the control system of the pacemaker, in
conjunction with other pacemaker circuitry, be capable of the basic pacing functions as described above, including: (a)
setting the pacing interval, and the various subintervals that make up the pacing interval, e.g., the PV interval (PVI),
the PVARP, the Wenkebach interval (WI), the atrial lock interval (ALI) and the P-wave tracking interval (also referred
to as the "P-track" interval); (b) keeping track of the number of P-waves or other cardiac events that occur, and when
such events occur relative to the various defined timed intervals; (c) generating (when used) a free-running maximum
mean rate interval (MMRI); (d) storing or latching the occurrence of certain events for later reference or processing;
and (e) carrying out whatever processing of these stored or latched events is required, e.g., starting the PVI, inhibiting
the generation of a V-pulse, issuing a phantom P-wave to start a PVI, etc., as described more fully below.
[0055] Thus, given a pacemaker constructed as described above in connection with FIGS. 1-5, or an equivalent
pacemaker, the present invention relates primarily to controlling the upper rate performance of the pacemaker, and
more particularly to controlling the upper rate performance so that the ventricular activity of the heart remains synchro-
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nized with (i.e., "locked" to) the atrial activity for a larger percentage of the time. Such atrial-locked pacing advanta-
geously improves cardiac output at the upper rates of the pacemaker.
[0056] To better understand the present invention, reference is momentarily made to FIG. 6, where there is shown
a typical ECG- or EGM-type waveform illustrating the normal A-V synchrony or rhythm of a heart. Beginning at the left,
there is shown a P-wave representing the electrical activity coincident with the depolarization of the atria of the heart.
Depolarization of the atria is accompanied by contraction of the atria, which contraction pushes blood from the atria
into the ventricles. A short time subsequent to the generation of the P-wave, the QRS complex appears, representing
the depolarization of the ventricles. The time period between the P-wave and the QRS wave (generally referred to as
simply the "R-wave") is a very important time interval in the operation of the heart because it represents the time needed
for the blood to flow from the atria into the ventricles. The R-wave is followed by a T-wave, which represents the
electrical activity associated with the repolarization of the ventricles. Typically, one heartbeat or heart cycle is measured
as the time interval between succeeding R-waves simply because the R-wave is generally the easiest of the waves to
identify and measure. A heartbeat may, of course, be measured relative to any point within the heart cycle, such as
between succeeding P-waves, or T-waves.
[0057] The important point for purposes of the present invention is to recognize that a certain A-V synchrony must
occur if the heart is to function efficiently as a pump, i.e., if a sufficient amount of blood is to be pushed out of the
ventricles with each contraction. More particularly, the depolarization of the atria, represented by the P-wave, must be
followed a short time thereafter by the depolarization of the ventricles, represented by the R-wave, in order to maintain
an adequate stroke volume. After a sufficient delay, the atria must again depolarize, followed by the depolarization of
the ventricles. When the depolarization of the atria or ventricles do not occur naturally, then a pacemaker may be
employed to provide stimulation pulses to these respective heart chambers, in order to trigger the required depolari-
zation/contraction at the appropriate time periods of the heart cycle. The pacemaker, like the natural depolarizations,
attempts to maintain the basic P-V time interval between atrial depolarization and ventricular depolarization so as to
preserve the AV synchrony needed to optimize cardiac output. To this end, P-waves may be "tracked" by the pacemaker,
meaning that for every sensed P-wave, a V-pulse is generated one PV interval thereafter (unless an R-wave occurs
before the PV interval has timed out).
[0058] Generally, when utilizing a pacemaker at its upper or higher pacing rates, a P-V sequence (a P-wave followed
by a V-pulse) occurs at a rate that is limited by the maximum tracking rate (MTR) of the pacemaker. The MTR is
generally a programmable parameter set by the cardiologist at the time the pacemaker is implanted. A typical MTR
may lie within the range of 100 to 170, e.g., 150 bpm. In a pacemaker that tracts P-waves, the MTR interval (MTRI)
defines the shortest time interval that the pacemaker allows between acting upon sensed atrial events, and in so doing,
limits the ventricular pacing rate (i.e, the rate at which V-pulses may be generated). This is usually accomplished as
illustrated in the timing waveform diagram of FIG. 7.
[0059] In FIG. 7, a PV interval, or PVI, is initiated by the pacemaker timing circuits upon the sensing of a P-wave.
Thus, as seen in FIG. 7, a first PVI 102 begins after sensing P-wave 101, and a second PVI 104 begins after sensing
P-wave 103. If natural ventricular activity, i.e., an R-wave 105 is sensed prior to the timing out of the PVI, then the PVI
is cut short or reset upon the occurrence of the R-wave. Such a situation is depicted in FIG. 7 for the PVI 102 and the
R-wave 105. If no ventricular activity occurs, the PVI times out, and a V-pulse is generated, as depicted in FIG. 7 for
the PVI 104 and the V-pulse 106.
[0060] The occurrence of ventricular activity, whether an R-wave or a V-pulse, starts the post ventricular atrial re-
fractory period (PVARP). A PVARP 108 is shown in FIG. 7 following the shortened PVI 102, and another PVARP 110
is shown following the timed out PVI 104. During the timing out of the PVARP, P-waves are not sensed (and even if
they are sensed, e.g., during a latter portion of PVARP, they are not tracked). Following the PVARP, a Wenkebach
interval (WI) 112 begins. During the WI, P-waves are tracked but delayed, i.e., any P-waves that are sensed are not
acted upon until WI ends. This results in a lengthening of the P-to-V period, which may produce the electrophysiologic
problems previously mentioned, i.e., retrograde conduction may be enhanced, thereby increasing the susceptibility of
the heart to a pacemaker mediated tachycardia (PMT). The pacemaker uses the combined time interval defined by
the sum of the PVI, PVARP and WI to set the MTRI. Because the PVI and PVARP are more or less fixed, the WI is
thus changed, as the MTR is programmed, in order to define the appropriate MTRI corresponding to the programmed
MTR.
[0061] Following the WI, a P-track interval 114 or 116 begins. During the P-track interval, P-waves are tracked in
conventional manner. That is, any P-wave sensed during the P-track interval (such as the P-wave 103, which occurs
during the first P-track interval 114) causes the P-track interval to be reset, and the next pacing cycle to begin, i.e., a
sensed P-wave causes the next PVI to begin, followed by PVARP, etc. Note, the time period beginning with a ventricular
event, e.g., the V-pulse 106, to the end of the following P-track interval, is sometimes referred to as the atrial escape
interval, or AEI. Note, also, that once PVARP begins, following a ventricular event (either an R-wave or a V-pulse), the
other time intervals (WI and P-track) are timed relative to PVARP. For this reason, the use of time intervals as illustrated
in FIG. 7 to provide stimulation pulses is commonly referred to as a ventricular-based pacing.
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[0062] In summary, as seen in FIG. 7, the conventional ventricular-based technique used to control the upper rate
performance of a pacemaker is to employ an MTRI, comprised of the sum of the PVI, PVARP and WI. P-waves are
not tracked during PVI and PVARP, but are tracked during the WI (but delayed) and the P-track interval. As P-waves
occur sooner and sooner in the P-track interval, the pacing rate (i.e., the rate at which V-pulses are generated following
each tracked P-wave) increases faster and faster, until the P-waves occur at the very beginning of each P-track interval,
at which point the rate at which P-waves may be tracked is limited by the MTR. (It is possible, of course, for P-waves
to occur during the WI (in which case they are tracked but delayed) or during the PVARP (in which case they are not
tracked). For example, at certain P-wave rates it is possible for every other P-wave to be sensed and tracked during
the P-track interval, with the remaining P-waves falling into, and hence being blocked by, PVARP, a condition known
as 2:1 block. During 2:1 block, a V-pulse is thus generated at a rate that is only one-half the P-wave rate.
[0063] As previously indicated, that which is shown in FIG. 7, relates to ventricular-based timing. It should be noted
that is also possible to operate a pacemaker based on atrial-based timing, as illustrated in FIG. 8. The modified P-
wave tracking modes of the present invention may be implemented using either a ventricular-based timing system, or
an atrial-based timing system, even though much of the description which follows (e.g., FIGS. 9-1 through 10-3) is
based on a ventricular-based timing system.
[0064] In an atrial-based timing system, as seen in FIG. 8, a PVI 304 begins following a sensed P-wave 302. However,
before the PVI times out, an R-wave 306 occurs. This R-wave cuts short the PVI 304, and causes PVARP 308 to begin.
Following PVARP 308, a WI 310 starts, followed by a P-track interval 312. However, unlike the ventricular-based timing
approach of FIG. 7, when the PVI 304 is shortened when using an atrial-based timing system as shown in FIG. 8, the
P-track interval 312 is extended or lengthened by the amount of time that the PVI 304 is shortened. At the end of the
lengthened P-track interval, assuming that no P-waves have been sensed, an A-pulse 314 is generated. The A-pulse
314 starts an AVI 316, following which a V-pulse 318 is generated (assuming no R-wave occurs during the AVI 316).
In this fashion, the PVI or AVI is shortened whenever an R-wave occurs before the end of the PVI or AVI, but the P-
track interval is lengthened by the same amount, thereby leaving the overall P-to-A time (i.e., the paced cardiac cycle
period, or the time from the P-wave 302 to the A-pulse 314 in FIG. 8) unaffected by the occurrence of the R-wave
during the PVI or the AVI.
[0065] Referring next to FIG. 9-1, there is shown a timing diagram that illustrates the various timing intervals used
to define a pacing interval in accordance with a first variation of a first embodiment of a modified P-wave tracking mode
of the present invention. As seen in FIG. 9-1, the intervals thus used include a PV delay 120, a PVARP 122, a Wenke-
bach Interval (WI) 124, an Atrial Lock Interval (ALI) 126 and a P-track interval 128. A comparison of FIG. 9-1 with FIG.
7 reveals that FIG. 9-1 includes the addition of the ALI between the WI 124 and the P-track interval 128.
[0066] To understand how the inclusion of the ALI 126 affects the pacemaker operation, it is helpful to review how
the pacemaker responds to the occurrence of a P-wave in each of the sub-intervals shown in FIG. 9-1. That is, it is
helpful to understand what happens when a P-wave occurs in each of the intervals shown in FIG. 9-1.
[0067] Should a P-wave occur during either the PV delay 120 or the PVARP 122, such event is not tracked. That is,
a P-wave occurring during either the PV delay or PVARP is ignored by the pacemaker circuits. This is the normal
convention, and causes a 2:1 or higher block at high atrial rates.
[0068] If a P-wave occurs during the Wenkebach Interval (WI) 124, then a P-wave is latched and a phantom P-wave
is generated at the end of the ALI 126, as shown in FIG. 9-2. The phantom P-wave at the end of the ALI causes a PV
delay 121 to begin at the end of the ALI just as if a P-wave had occurred at the end of the ALI. Hence, the effect of
using a phantom P-wave as shown in FIG. 9-2 is to treat any P-wave that occurs during the WI as though it occurred
at the end of the ALI. Thus, as seen in FIG. 9-2, for every P-wave that occurs during the WI 124, a new PV delay 121
is started at the end of the ALI 126 that follows the WI during which the P-wave occurs. A V-pulse is then provided
after the PV delay 121. After the V-pulse, a PVARP 123 is initiated, as is conventional following a V-pulse, followed by
a new WI 125, and so on (the cycle of intervals repeats).
[0069] FIG. 9-3 illustrates what happens when a P-wave occurs during the ALI 126. As seen in FIG. 9-3, when a P-
wave occurs during the ALI 126, such P-wave is tracked by generating an intermediate PV delay 130, following which
a V-pulse is generated. Further, at the end of the ALI 126 during which the tracked P-wave occurs, a phantom P-wave
is assumed that starts a second PV delay 121. The second PV delay 121 begins a new pacing cycle. That is, following
the second PV delay 121, a phantom V-pulse (not a real V-pulse, but only a pulse used for timing purposes) is generated
that triggers a new PVARP 123, following which a new WI 125 begins, and so on. Only a phantom V-pulse follows the
second PV delay 121, rather than an actual V-pulse, because an actual V-pulse was generated just prior thereto at the
conclusion of the intermediate PV delay 130.
[0070] Note from FIG. 9-3 that the delivery of the V-pulse at the conclusion of the intermediate PV delay 130 is at
an interval shorter than the usual and allows for tracking P-waves that occur as early in the pacing interval as PVI +
PVARP + WI, where PVI is the PV interval (or PV delay). Thus, the maximum instantaneous upper ventricular rate is
defined by:
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However, while the max instantaneous ventricular rate is as defined by Eq. (1) above, the invention further limits the
maximum mean (or average) rate (MMR) by keeping track of the time out of the ALI 126 and assuming that a phantom
P-wave occurs at the time out of the ALI. This phantom P-wave causes a phantom PV delay (the second PV delay
121 shown in FIG. 9-3), following which the PVARP 123 begins. As indicated above, since the V-pulse was already
delivered at the conclusion of the intermediate PV delay 130, it is not necessary (nor desirable) to deliver another V-
pulse at the conclusion of the phantom PV delay 121. Thus, only a phantom V-pulse is delivered at the timing out of
the phantom PV delay 121, causing the next PVARP 123 to begin.
[0071] The ALI response shown in FIG. 9-3 produces an average ventricular rate that approaches or remains below
the rate defined by:

[0072] Should a P-wave occur during the P-track interval 128, then such P-wave is tracked in conventional manner.
That is, if a P-wave occurs during the P-track interval, the PV delay is started, following which a V-pulse is delivered
(in the absence of an R-wave occurring prior to the time out of the PV delay), and PVARP is started.
[0073] The ALI pacing scheme depicted in FIGS. 9-1 through 9-3 above offers the following significant advantages:
(1) 2:1 block exists for high atrial rates; (2) pacemaker Wenkebach is provided (i.e., the MTR takes effect) at a fairly
high atrial rate; and (3) P-waves in the ALI are tracked. Significantly, the maximum upper instantaneous ventricular
rate may be as high as indicated by Eq. (1) above, yet the average ventricular rate will be limited by Eq. (2) above.
Further, if the ALI is set equal to 0 ms (zero), then the system behaves as a typical DDD pacer, i.e., as the P-wave rate
increases, there is first P-tracking, then Wenkebach pacing, and then 2:1 block. Also, if the WI is set equal to 0 ms
(zero), then the system behaves entirely in the ALI mode. That is, P-waves are tracked all the way up to 2:1 block at
a maximum instantaneous rate of 1/(PVI + PVARP) , yet the mean rate remains below or approaches 1/(PVI + PVARP
+ ALI) .
[0074] A flowchart that depicts the ALI pacing technique illustrated in the timing waveform diagrams of FIGS. 9-1
through 9-3 is described below in connection with FIGS. 13-1 and 13-2.
[0075] Referring next to FIG. 10-1, there is illustrated the various timing intervals used to define a pacing interval in
accordance with a second variation of the first embodiment of the modified P-wave tracking mode of the present in-
vention. As seen in FIG. 10-1, these intervals include a PV delay 302, a PVARP 304, an atrial lock interval (ALI) 306,
a Wenkebach interval (WI) 308, and a P-track interval 310. A comparison of FIG. 10-1 with FIG. 9-1 reveals that the
position of the ALI and the WI in the sequence of timing intervals has been reversed. That is, in the second variation
(FIG. 10-1), the ALI 306 follows the PVARP 304; and then the WI 308 follows the ALI 306. The P-track interval 310
then follows the WI 308.
[0076] FIG. 10-2 depicts what happens in the second variation when a P-wave is sensed during the ALI 306. As
seen in FIG. 10-2, a P-wave 307 that occurs during the ALI 306 is tracked, causing a phantom P-wave to be generated
at the end of the ALI 306. The phantom P-wave triggers an extended PV delay 312, followed by a PVARP 314, followed
by another ALI 316, followed by another WI 318, and so on. Meanwhile, the P-wave 307 sensed during the ALI 306
triggers yet another extended PV delay 311, at the conclusion of which a V-pulse 313 is generated and delivered to
the heart. Because of the V-pulse 313, there is no V-pulse generated at the conclusion of the second PVARP 314, only
a phantom V-pulse 315. The extended PV delay 311 and the extended PV delay 312 are each extended by an amount
equal to the WI 308. That is, the total length of the extended PV delays 311 and 312 is equal to the normal PV delay
302 plus the WI 308.
[0077] Turning next to FIG. 10-3, there is shown an illustration of the second variation of the first embodiment of the
invention when a P-wave occurs during the Wenkebach interval. As seen in FIG. 10-3, a P-wave 320 that occurs during
the WI 308 is latched, causing a PV delay 322 to begin at the conclusion of the WI 308. A V-pulse 323 is then generated
at the conclusion of the PV delay 322. The V-pulse 323, in turn, causes another PVARP 324 to be generated, followed
by another ALI 326, followed by another WI 328, etc.
[0078] A study of FIGS. 10-1 through 10-3 reveals that the second variation of the first embodiment of the invention
there illustrated provides some prolongation of the AVI (or PVI), up to a limit, and then it locks at that limit (with no
further prolongation). The mean ventricular rate thus achieved approaches the programmed MMRI.
[0079] Yet a third variation of the first embodiment of the modified P-wave tracking mode of the present invention
comprises starting the PVI 121 at the end of the WI 124, rather than at the end of the ALI 126, as in the first variation
(FIGS. 9-2 and 9-3). Such a variation results in a faster Wenkebach rate, which could be useful for certain patients.
[0080] Referring next to FIGS. 11 and 12, additional timing diagrams are shown that depict two MMRI-free-running

Max Instantaneous Upper Rate = 1/(PVI+PVARP+WI). (1)

MMR ≤ 1/(PVI + PVARP + WI + ALI). (2)
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techniques used in accordance with a second modified P-wave tracking mode of the invention. In such mode, a se-
quence of MMRI's 140, having, e.g., a period T of 300-600 ms, is generated that runs asynchronously relative to any
atrial or ventricular events. That is, the MMRI runs free, repeating itself over and over, at a rate of, e.g., 100-200 bpm.
Either of two techniques may be used to track P-waves in accordance with the free-running MTRI mode. In a first
technique, shown in FIG. 11, the pacemaker generates a V-pulse only if no prior ventricular activity (R-wave or V-pulse)
has occurred during the current MMRI. Thus, in accordance with this first technique, the pacemaker circuits monitor
the number of ventricular events that occur during each MMRI. If a V-pulse is to be generated, e.g., at the conclusion
of a PV interval, but the generation of such V-pulse would represent the second ventricular activity of the current MMRI,
then such V-pulse is inhibited. For example, in FIG. 11, the fourth complete MMRI shown has a first V-pulse 142 that
falls near the beginning of the MMRI. Hence, at an upper ventricular rate, a second V-pulse that would otherwise occur
near the end of the MMRI, at 144, is inhibited. At the upper rate limit, such action, on average, results in a ventricular
rate that is the same as the MMR.
[0081] In a second technique, shown in FIG. 12, only the first P-wave of a given MMRI is tracked. A "tracked" P-
wave is one that triggers a PV interval, at the conclusion of which a V-pulse is generated if an R-wave has not first
occurred. Thus, as seen in FIG. 12, should a second P-wave 146 occur during the given MMRI, such P-wave is ignored,
no PV interval is started, and no V-pulse can result. At the upper rate limit, such action (of only tracking one P-wave
per MMRI) results, on average, in a ventricular rate that is the same as the MMR.
[0082] Thus, it is seen that both the technique shown in FIG. 11 (of only allowing one V-pulse per MMRI), or the
technique shown in FIG. 12 (of only tracking one P-wave per MMRI), results is a ventricular rate that, on average, is
the same as the maximum mean rate, MMR. The advantages of the MMRI-free-running technique shown in the timing
waveform diagrams of FIGS. 11 and 12 are: (1) the simplicity of its implementation; and (2) the achievement of an
average ventricular rate equal to MMR for all atrial rates greater than MMR but less than the 2:1 blocking rate (or less
than the Wenkebach rate, if employed). Advantageously, the MMRI can be generated using any type of free running
oscillator, implemented with hardware and/or software. Monitoring the number of cardiac events that occur during each
MMRI then becomes a simple logic circuit which may be implemented using conventional hardware and/or software
techniques following the method detailed in the flowcharts of FIG. 14 (corresponding to FIG. 11) or FIG. 15 (corre-
sponding to FIG. 12), or equivalent methods.
[0083] The results depicted in FIGS. 9-1 through 10-3 relating to ALI pacing, and to FIGS. 11-12 for MMRI free-
running pacing (which is, as noted, also a form of ALI pacing), or any of their variations, may be realized using numerous
methods, types of pacemakers, and circuitry. One representative method by which the desired results for some of the
variations described above (e.g., the variation shown in FIGS. 9-1 through 9-3, or the variations shown in FIGS. 11
and 12) may be achieved is generally shown below in the flowcharts of FIGS. 13-1, 13-2, 14 and 15. The other variations
described above may likewise be achieved using similar methods and techniques. Any type of pacemaker, whether a
microprocessor-based pacemaker, a state machine pacemaker, or other pacemaker employing a configurable control
system, may be configured to - operate in the manner shown in the below flowcharts, or equivalent methods, in order
to achieve the desired results described above in connection with FIGS. 9-1 through FIG. 12.
[0084] Turning then to the flowcharts of FIGS. 13-1 and 13-2, a preferred method for carrying out the ALI pacing
technique described above in connection with FIGS. 8-10 is detailed. It is noted that FIGS. 13-1 and 13-2 include
different portions of the same flowchart, with appropriate connection blocks "A", "B" and "C" being used to interconnect
the portions of the flowchart included in FIG. 13-1 with the portions of the flowchart included in FIG. 13-2.
[0085] As seen in FIGS. 13-1 and 13-2, once ALI pacing begins (block 150), the PV delay is started (block 152).
When the PV delay times out ("T.O.") (block 154), then a V-pulse is generated (block 156) . (It is noted, not shown in
FIG. 13-1, that if an R-wave is sensed before the PV delay times out, then no V-pulse will be generated. If an R-wave
is sensed, the pacer becomes inhibited in both chambers and no pacing stimuli are delivered.) After the V-pulse is
generated, the PVARP begins (block 158). When the PVARP times out (block 160), then the WI begins (block 162).
Should a P-wave be sensed (YES branch of block 164) before the WI times out (block 168), then a P Latch is set (block
166).
[0086] Once the ALI times out (YES branch of block 168) the ALI starts (block 172, FIG. 13-2). If the ALI times out
without sensing a P-wave (block 176), and if the P Latch is set (YES branch of block 178), then a phantom P-wave is
assumed (block 180). Such phantom P-wave causes the PV delay to again start (block 152, FIG. 13-1), following which
a V-pulse is generated (block 156). If, after the ALI times out, the P Latch is not set (NO branch of block 178, FIG.
13-2), then the P-track interval begins (block 182). Should a P-wave be sensed (block 184) before the P-track interval
times out, such P-wave is tracked in conventional manner, i.e., the PV delay again starts (block 152), following which
a V-pulse is generated (block 156), PVARP starts (block 158), and the process continues as previously described.
[0087] Should a P-wave not be sensed before the timing out of the P-track interval (block 186), then an A-pulse is
generated (block 188). The A-pulse is followed by an AV delay (block 190), which AV delay may have a slightly different
value than the PV delay, as is known in the art. When the AV delay times out, a V-pulse is generated (block 194),
followed by the PVARP (block 158, FIG. 13-1). The process then continues subsequent to the PVARP as described
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above (blocks 160, 162 et seq.).
[0088] If a P-wave is sensed during the timing out of the ALI (YES branch of block 174, FIG. 13-2), then a PV delay
is started (block 196). Following the PV delay, two parallel paths begin. In a first path, the PV delay is monitored, and
when it times out (block 198), a V-pulse to be generated (block 200). The first path then ends. In a second path, the
ALI is monitored (block 202), and when it times out, a phantom P-wave is assumed (block 204). A phantom P-wave
is a signal that triggers various timed events within the pacemaker circuitry just as though an actual P-wave had been
sensed, when in fact no P-wave was sensed. Following the phantom P-wave, a phantom PV delay begins (block 206).
Following the PV phantom PV delay, a phantom V-pulse is assumed (block 210). A phantom V-pulse, like a phantom
P-wave, is a signal that triggers various timed events within the pacemaker circuitry just as though an actual V-pulse
had been generated and delivered to the heart when in fact no V-pulse is delivered to the heart. Following the phantom
V-pulse, the PVARP begins (block 158), and the process continues as described above (blocks 160, 162 et seq.).
[0089] Next, turning to FIG. 14, a flowchart of the MMRI free-running technique corresponding to FIG. 11 (allowing
only one V-pulse per MMRI) is shown. Two independent paths are shown. In a first path, shown on the upper left, an
MMRI timer is started (block 220). When the MMRI timer times out (block 222), then a V-Inhibit Flag is reset (block
224). Then the process repeats. In a second path, shown generally on the right and below the first path, the conventional
PVARP and Atrial Escape Interval (AEI) timers associated with a pacing cycle begin (block 230). When the PVARP
times out (block 232), a determination is made as to whether a P-wave is sensed (block 234) before the AEI times out
(blocks 234, 236). If no P-wave is sensed before the AEI times out, then an A-pulse is generated (block 238). If a P-
wave is sensed, or after an A-pulse is generated, the PV/AV timer is started (block 240). A determination is then made
as to whether an R-wave occurs before the timing out of the PV/AV timer (blocks 242, 244). If the PV/AV timer does
time out without an R-wave having been sensed (block 244), and if the V-Inhibit flag is not set (NO branch of block
246), which means no V-pulse has yet been generated in the current MMRI, then a V-pulse is generated (block 248)
and the V-Inhibit Flag is set (block 250). The current pacing cycle then ends, and the next pacing cycle begins (blocks
230, 232, et seq.).
[0090] Should the V-Inhibit flag be set (YES branch of block 246) when the PV/AV timer times out (block 244), that
means a V-pulse has already been generated during the current MMRI. Hence, no V-pulse is generated, yet the next
pacing cycle begins (blocks 230, 232, et seq.), and the process repeats.
[0091] Thus, using the method shown in FIG. 14, it is seen that at the conclusion of the MMRI, the V-inhibit flag is
reset. At the generation of a V-pulse, the V-inhibit flag is set. Thus, the V-inhibit flag toggles between a set and reset
state, and thereby limits the number of V-pulses that may occur during each MMRI to one.
[0092] Referring next to FIG. 15, a flowchart of the MMRI free-running technique corresponding to FIG. 12 (tracking
only one P-wave per MMRI) is shown. As with FIG. 14, two independent paths are shown. In a first path, shown on
the upper left, an MMRI timer is started (block 220). When the MMRI timer times out (block 222), then an E-Flag (Event
Flag) and V-Inhibit Flag are reset (block 225). Then the process repeats, with the E-Flag and V-Inhibit Flag being reset
at the end of each MMRI. In a second path, shown generally on the right and below the first path, the conventional
PVARP and Atrial Escape Interval (AEI) timers associated with a pacing cycle begin (block 260). When the PVARP
times out (block 262), a determination is made as to whether a P-wave is sensed (block 264) before the AEI times out
(blocks 264, 266). If no P-wave is sensed before the AEI times out, then an A-pulse is generated (block 268). If a P-
wave is sensed, or after an A-pulse is generated, a determination is made as to whether the E-Flag is set (block 270).
If so (YES branch of block 270), a V-Inhibit Flag is set (block 274). If not (NO branch of block 270), the E-Flag is set
(block 272), thereby indicating that an atrial event (P-wave or A-pulse) has occurred. The PV/AV timer is then started
(block 276). A determination is then made as to whether an R-wave occurs before the timing out of the PV/AV timer
(blocks 278, 280). If the PV/AV timer does time out without an R-wave having been sensed (block 280), and if the
V-Inhibit flag is not set (NO branch of block 282), which means no atrial event has yet occurred in the current MMRI,
then a V-pulse is generated (block 284). The current pacing cycle then ends, and the next pacing cycle begins (blocks
260, 262, et seq.). If the V-Inhibit flag is set (YES branch of block 282), then that means a second P-wave has already
occurred in the current MMRI, so no V-pulse is generated (i.e., the second P-wave is not tracked), and the next pacing
cycle beings (blocks 260, 262 et seq.).
[0093] In the manner described in FIG. 15, it is thus seen that only one P-wave is tracked during each MMRI. Such
action limits the average ventricular rate to the MMR rate.
[0094] Turning next to FIGS. 16-19, some quantitative data evidencing operation of the present invention are pre-
sented. Such graphs thus provide a convenient graphical representation of the benefits that accrue from using the
invention.
[0095] In FIG. 16, a graph is presented that illustrates relative stroke volume as a function of PV delay during Wenke-
bach Pacing (i.e., with the ALI set equal to zero). In other words, the data presented in FIG. 16 illustrates the perform-
ance achieved without the invention (because atrial lock interval is blocked by making the ALI=0). In FIG. 16, the WI
is set to 130 ms, PVARP is set to 100 ms, and the PV delay is set to 150 ms. As the data shows, under such conditions,
and with the P-rate at 165 bpm, the ventricular rate averaged 150 bpm. The Stroke volume is dependent upon the PV
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interval as presented, e.g., by Haskell et al., "Optimum AV Interval in Dual-chamber Pacemakers," PACE, Vol. 9, pp.
670-675 (1986). As the PV delay becomes less optimal, the stroke volume decreases. The mean stroke volume ob-
tained was 89.5% of the maximum stroke volume obtainable.
[0096] Turning next to FIG. 17, a graph is presented that illustrates relative stroke volume as a function of PV delay
during atrial lock interval pacing. For the data shown in FIG. 17, the Wenkebach phenomena was avoided by setting
the WI to zero. The ALI was set to 130 ms. PVARP, PV delay, average ventricular rate and atrial rates and stroke
volume dependence of PV interval were the same as in FIG. 16. As seen in FIG. 17, with atrial lock interval pacing,
the mean stroke volume approaches 100% of the maximum stroke volume obtainable.
[0097] In FIG. 18, a graph illustrating atrial lock interval pacing in combination with Wenkebach pacing is presented.
WI was set to 50 ms, while ALI was set to 80 ms. PVARP, PV delay, average ventricular rate and atrial rates and stroke
volume dependence of PV interval were the same as in FIG. 16. With this combination of Wenkebach and ALI pacing,
the mean stroke volume approaches 92.5% of the maximum. This is a noticeable improvement over Wenkebach alone
(FIG. 16), but not as good as ALI pacing alone (FIG. 17).
[0098] FIG. 19 graphically depicts atrial lock interval pacing using a free-running MMRI that only allows one ventricular
event in the MMRI, e.g., as described above in FIGS. 11 and 14. FIG. 19 shows that with MMRI set to 400 ms (Ventricular
rate = 150 bpm), and with the other conditions as shown (same as FIG. 16) the average stroke volume approaches
100%. Note that for the case shown in FIG. 19, there was no Wenkebach phenomena because the maximum atrial
tracking rate is 1/(PVI + PVARP + WI) = 200 bpm.
[0099] FIGS. 17-19 illustrate that although two quite different embodiments may be used to achieve the atrial lock
interval pacing (or modified P-wave tracking at upper rates) in accordance with the present invention --the ALI approach
of FIGS. 9-1 through 9-3, or equivalents thereof, or the free-running MMRI approach of FIGS. 11-12-- very similar
results are achieved. That is, A-V synchrony is maintained for longer periods of time at upper rates, resulting in improved
stroke volume.
[0100] As has thus been described, it is seen that the present invention improves the upper rate performance of a
pacemaker by synchronizing the atrial sensed events to the ventricular paced events for a higher percentage of the
time when operating at the upper rates.

Claims

1. A system for a dual-chamber pacemaker (10) for increasing stroke volume at upper pacemaker rates, the pace-
maker including means (15,17) for sensing P-waves and R-waves, and means (20) for generating V-pulses, the
system comprising:

P-wave (103) tracking means for providing a ventricular rate that tracks sensed P-waves;
upper rate limiting means for limiting the P-wave tracking means so that P-waves are instantaneously tracked
up to a maximal tracking rate, thereby providing an instantaneous ventricular rate that tracks the sensed P-
waves up to the maximal tracking rate;
average-rate limiting means for limiting an average ventricular rate to a value that is less than the maximal
tracking rate; characterised by
the upper rate limiting means comprising:

timing means for defining a pacing interval for the pacemaker that is the sum of a PV interval PVI (120),
a post ventricular refractory period PVARP (122), an atrial lock interval ALI (126) and a P-track interval
(128); and where the timing means sets the PV delay, PVARP, ALI and P-track interval to a specified value
for any given cardiac cycle, with ALI > 0 sec, but where at least the P-track interval may vary in value from
cardiac cycle to cardiac cycle; and

wherein the P-wave tracking means includes blocking means for blocking any P-wave that occurs during the PV
delay or PVARP, and V-pulse response means for generating a V-pulse one PV delay after a P-wave that occurs
during the ALI or P-track interval; and further
wherein the means for limiting the average ventricular rate comprises means for generating a second PV interval
(121) at the conclusion of any ALI during which a P-wave occurs without generating a P-wave at the conclusion
thereof, and generating a second PVARP (123) following the second PV delay, which second PV interval and
second PVARP begin a next pacing interval;
whereby P-waves may be instantaneously tracked up to a maximal tracking rate that comprises 1/(PVI + PVARP),
yet the average ventricular rate is limited to a value that approaches 1/(PVI + PVARP + ALI).



EP 0 753 325 B1

5

10

15

20

25

30

35

40

45

50

55

15

2. The system of claim 1, wherein the timing means comprises means for defining the pacing interval to be the sum
of the PVI (120), PVARP (122), ALI (126), P-track interval (128) and a Wenkebach interval WI (124), and wherein
the P-wave tracking means further includes means for tracking a P-wave that occurs during the WI on a delayed
basis.

3. The system of claim 2, wherein the timing means includes means for inserting the WI (124) into the pacing interval
so that it follows the ALI (126) or into the pacing interval so that it follows the PVARP (122), with the ALI following
the WI.

4. A system for a dual-chamber pacemaker (10) for increasing stroke volume at upper pacemaker rates, the pace-
maker including means (15,17) for sensing P-waves and R-waves, and means (20) for generating V-pulses, the
system comprising:

P-wave (103) tracking means for providing a ventricular rate that tracks sensed P-waves;
upper rate limiting means for limiting the P-wave tracking means so that P-waves are instantaneously tracked
up to a maximal tracking rate, thereby providing an instantaneous ventricular rate that tracks the sensed P-
waves up to the maximal tracking rate;
average-rate limiting means for limiting an average ventricular rate to a value that is less than the maximal
tracking rate; and characterised by the average rate limiting means comprising:

timing means for defining a maximum mean rate interval MMRI (140);
free-running means for repeating the MMRI over and over without synchronisation to any other events;
and either

means for preventing more than one V-pulse from being generated during each MMRI;

whereby the average ventricular rate is limited to a value that is equal to 1/MMRI; or
means for tracking one and only one P-wave during each MMRI;
whereby the average ventricular rate, which is set by the rate of the tracked P-waves, is limited to a value that is
equal to 1/MMRI.

5. A dual-chamber implantable pacemaker (10) including a system as claimed in any preceding claim.

6. A dual-chamber implantable pacemaker as claimed in claim 5 when dependent on claim 4, further comprising:

control means (26) for controlling the sensing means and pulse generating means so as to maximise the
number of cardiac cycles during which the generation of a V-pulse is synchronised with atrial activity, said
control means including:

means for generating a PV interval (104) that defines the time between the sensed P-wave and a V-pulse,
means for inhibiting the generating of a V-pulse at the conclusion of the PV interval in the event an R-
wave (105) is sensed before the timing out of the PV interval,
means for generating a cycle of a maximum mean rate intervals MMRI's (140) that runs asynchronously
relative to the sensing means and pulse generating means, with a new MMRI commencing at the conclu-
sion of a prior MMRI, and
means for preventing the generation of a V-pulse within a given MMRI of the cycle of MMRI's if either an
R-wave or V-pulse has already occurred within the given MMRI,
whereby at most only one ventricular depolarisation is caused by said pacemaker during each MMRI.

7. The dual-chamber implantable pacemaker, as set forth in claim 6, wherein the means for preventing the generation
of a V-pulse (106) within a given MMRI (140) comprises either means for starting a PV interval (104) following only
a first P-wave (103) of a given MMRI, and not starting the PV interval following a subsequent P-wave of the given
MMRI, whereby the subsequent P-wave of the given MMRI is ignored and does not result in the generation of a
V-pulse, or means for counting the number of ventricular depolarisations that occur within a given MMRI, and
means for inhibiting the generation of any V-pulse which would result in the generation of a second V-pulse within
the given MMRI.

8. The dual-chamber implantable pacemaker, as set forth in claim 7, wherein said MMRI (140) comprises a program-
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mable interval that is set to a value of between 300 to 600 milliseconds.

9. The dual-chamber implantable pacemaker, as set forth in claim 6, wherein the pacemaker further includes means
for sensing a physiological parameter, and wherein said MMRI (140) comprises a variable interval that varies
between 300 to 600 milliseconds as a function of the physiological parameter.

10. The dual-chamber implantable pacemaker, as set forth in claim 6, wherein said control means (26) further includes:

means for determing an atrial rate, the atrial rate being determined as a function of the average time interval
between atrial depolarisations,
means for adjusting the PV interval (104) as a function of the atrial rate, with PV interval being made shorter
as the atrial rate increases.

11. A dual-chamber pacemaker as claimed in any of claims 6 to 10, further comprising:

control means (26) for controlling the atrial channel and the ventricular channel to operate in a dual-chamber
mode of operation, said control means comprising:

timing means for defining a pacing cycle made up of a plurality of time periods, said timed periods including
a post ventricular atrial refractory period (PVARP) (122) that begins with a ventricular event, said ventricu-
lar event comprising either a sensed R-wave or a generated V-pulse, and
upper rate limiting means for limiting the maximum mean rate of the pacing cycle, the maximum rate being
defined by a maximum mean rate interval (MTR), said upper rate limiting means comprising:

means for generating a continuous MMRI (140) sequence with one MMRI beginning immediately after
the conclusion of a preceding MMRI, said MMRI sequence being asynchronous relative to said timing
means, and
means for limiting the number of V-pulses that may occur during each MMRI of the sequence to no
more than one,
whereby V-pulses may not be generated by the ventricular channel at a rate that is, on average, any
faster than the maximum rate defined by the MMRI.

Patentansprüche

1. System für einen Zweikammer-Schrittmacher (10) zur Erhöhung des Pumpvolumens bei höheren Schrittmacher-
frequenzen, bei dem der Schrittmacher eine Einrichtung (15, 17) zum Erfassen von P-Wellen und R-Wellen und
eine Einrichtung (20) zum Erzeugen von V-Pulsen aufweist und das System aufweist:

eine P-Wellen (103) -Vertolgungseinrichtung zum Erzeugen einer Herzkammerfrequenz, die erfasste P-Wellen
verfolgt;
eine Oberfrequenz-Begrenzungseinrichtung zum Begrenzen der P-Wellenverfolgungseinrichtung in solcher
Weise, dass P-Wellen momentan bis zu einer maximalen Verfolgungsfrequenz hoch verfolgt werden, wodurch
sich eine momentane Herzkammerfrequenz ergibt, die die erfassten P-Wellen bis zu der maximalen Verfol-
gungsfrequenz hoch verfolgt;
eine Durchschnittsfrequenz-Begrenzungseinrichtung zum Begrenzen einer Durchschnitts-Herzkammerfre-
quenz auf einen Wert, der unter der maximalen Verfolgungsfrequenz liegt; dadurch gekennzeichnet,
dass die Oberfrequenz-Begrenzungseinrichtung aufweist:

eine Zeitgebungseinrichtung zum Definieren eines Schrittmacherintervalls für den Schrittmacher, das die
Summe eines PV-Intervalls PVI (120), einer postventrikularen Atrialrefraktärperiode PVARP (122), eines
Vorhofverriegelungsintervalls ALI (126) und eines P-Verfolgungsintervalls (128) ist; wobei die Zeitge-
bungseinrichtung die PV-Verzögerung, die PVARP, das ALI und das P-Verfolgungsintervall für jeden ge-
gebenen Herzzyklus auf einen bestimmten Wert einstellt, wobei AL1> 0 s, wobei jedoch zumindest das
P-Verfolgungsintervall von Herzzyklus zu Herzzyklus im Wert variieren kann; und
wobei die P-Wellenverfolgungseinrichtung eine Blockiereinrichtung zum Blockieren jeder während der
PV-Verzögerung oder der PVARP auftretenden P-Welle und eine V-Puls-Ansprecheinrichtung zum Er-
zeugen eines V-Pulses eine PV-Verzögerung nach einer während des ALI oder des P-Verfolgungsinter-
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valls auftretenden P-Welle aufweist; und

wobei ferner die Einrichtung zum Begrenzen der Durchschnitts-Herzkammerfrequenz eine Einrichtung zum Er-
zeugen eines zweiten PV-Intervalls (121) am Abschluss jedes ALI, während dem eine P-Welle auftritt, ohne dabei
eine P-Welle an seinem Abschluss zu erzeugen, und zum Erzeugen einer auf die zweite PV-Verzögerung folgen-
den zweiten PVARP (123) aufweist, wobei das zweite PV-Intervall und die zweite PVARP ein nächstes Schrittma-
cherintervall beginnen;
wodurch P-Wellen momentan bis zu einer maximalen Verfolgungsfrequenz verfolgt werden können, die 1/(PVI +
PVARP) beinhaltet, die Durchschnitts-Herzkammerfrequenz jedoch auf einen Wert begrenzt ist, der 1/(PVI +
PVARP + ALI) nah kommt.

2. System nach Anspruch 1, bei dem die Zeitgebungseinrichtung eine Einrichtung zum Definieren des Schrittma-
cherintervalls als Summe des PVI (120), der PVARP (122), des ALI (126), des P-Verfolgungsintervalls (128) und
eines Wenkebach-Intervalls WI (124) aufweist und die P-Wellenverfolgungseinrichtung femer eine Einrichtung
zum Verfolgen einer während des WI auftretenden P-Welle auf verzögerter Basis aufweist.

3. System nach Anspruch 2, bei dem die Zeitgebungseinrichtung eine Einrichtung zum Einfügen des WI (124) in das
Schrittmacherintervall in solcher Weise, dass es dem ALI (126) folgt, oder in solcher Weise, dass es der PVARP
(122) folgt, wobei das ALI dem WI folgt, aufweist.

4. System für einen Zweikammer-Schrittmacher (10) zur Erhöhung des Pumpvolumens bei oberen Schrittmacher-
frequenzen, bei dem der Schrittmacher eine Einrichtung (15, 17) zum Erfassen von P-Wellen und R-Wellen und
eine Einrichtung (20) zum Erzeugen von V-Pulsen aufweist und das System aufweist:

eine P-Wellen (103) -Verfolgungseinrichtung zum Erzeugen einer Herzkammerfrequenz, die erfasste P-Wellen
verfolgt;
eine Oberfrequenz-Begrenzungseinrichtung zum Begrenzen der P-Wellenverfolgungseinrichtung in solcher
Weise, dass P-Wellen momentan bis zu einer maximalen Verfolgungsfrequenz hoch verfolgt werden, wodurch
sich eine momentane Herzkammerfrequenz ergibt, die die erfassten P-Wellen bis zu der maximalen Verfol-
gungsfrequenz hoch verfolgt;
eine Durchschnittsfrequenz-Begrenzungseinrichtung zum Begrenzen einer Durchschnitts-Herzkammerfre-
quenz auf einen Wert, der unter der maximalen Verfolgungsfrequenz liegt: dadurch gekennzeichnet, dass
die Durchschnittsfrequenz-Begrenzungseinrichtung aufweist:

eine Zeilgebungseinrichtung zum Definieren eines MaximalesDurchschnittsfrequenzintervalls MMRI
(140);
eine frei laufende Einrichtung zum beständigen Wiederholen des MMRI ohne Synchronisation auf irgend-
ein anderes Ereignis; und entweder eine Einrichtung zum Verhindern der Erzeugung mehr als eines V-Pul-
ses während jedes MMRI;

wodurch die Durchschnitts-Herzkammerfrequenz auf einen Wert von 1/MMRI begrenzt ist; oder
eine Einrichtung zum Verfolgen genau einer P-Welle während jedes MMRI; wodurch die Durchschnitts-Herzkarn-
merfrequenz, die durch die Frequenz der verfolgten P-Wellen eingestellt ist, auf einen Wert von 1/MMRI begrenzt
ist.

5. Implantierbarer Zweikammer-Schrittmacher (10), der ein System nach einem der vorstehenden Ansprüche auf-
weist.

6. Implantierbarer Zweikammer-Schrittmacher nach Anspruch 5, soweit auf Anspruch 4 rückbezogen, welcher ferner
ausweist:

eine Steuereinrichtung (26) zum Steuern der Erfassungseinrichtung und der Pulserzeugungseinrichtung in
solcher Weise, dass die Anzahl von Herzzyklen, während denen die Erzeugung eines V-Pulses mit der Vor-
hofaktivität synchronisiert ist, maximiert ist, wobei die Steuereinrichtung aufweist:

eine Einrichtung zum Erzeugen eines PV-Intervalls (104), das die Zeit zwischen der erfassten P-Welle
und einem V-Puls definiert, eine Einrichtung zum Unterdrücken der Erzeugung eines V-Pulses am Ab-
schluss des PV-Intervalls im Falle der Erfassung einer R-Welle (105) vor dem Ablauf des PV-Intervalls,
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eine Einrichtung zum Erzeugen eines Zyklus von maximalen Durchschniltsfrequenzintervafien MMRI
(140), welcher asynchron relativ zu der Erfassungseinrichtung und Pulserzeugungseinrichtung läuft, wo-
bei ein neues MMRI am Abschluss eines vorherigen MMRI beginnt, und
eine Einrichtung zum Verhindern der Erzeugung eines V-Pulses innerhalb eines gegebenen MMRI des
Zyklus von MMRI's, wenn in dem gegebenen MMRI bereits entweder eine R-Welle oder ein V-Puls auf-
getreten ist,

wodurch von dem Schrittmacher während jedes MMRI höchstens nur eine Herzkammerdepolarisierung bewirkt
wird.

7. Implantierbarer Zweikammer-Schrittmacher nach Anspruch 6, bei dem die Einrichtung zum Verhindern der Erzeu-
gung eines V-Pulses (106) in einem gegebenen MMRI (140) entweder eine Einrichtung zum Starten eines PV-In-
tervalls (104) auf nur eine erste P-Welle (103) eines gegebenen MMRI folgend und Nicht-Starten des PV-Intervalls
auf folgende P-Wellen des gegebenen MMRI folgend aufweist, wodurch die folgende P-Welle des gegebenen
MMRI ignoriert wird und nicht zur Erzeugung eines V-Pulses führt, oder eine Einrichtung zum Zählen der Anzahl
von innerhalb eines gegebenen MMRI auftretenden Herzkammerdepolarisationen und einer Einrichtung zum Un-
terdrücken der Erzeugung eines bei der Erzeugung eines zweiten V-Pulses innerhalb des gegebenen MMRI sonst
resultierenden V-Pulses aufweist.

8. Implantierbarer Zweikammer-Schrittmacher nach Anspruch 7, bei dem das MMRI (140) ein programmierbares
Intervall aufweist, das auf einen Wert zwischen 300 und 600 ms eingestellt ist.

9. Implantierbarer Zweikammer-Schrittmacher nach Anspruch 6, welcher ferner eine Einrichtung zum Erfassen eines
physiologischen Parameters aufweist, wobei das MMRI (140) ein variables Intervall aufweist, das als Funktion des
physioiogischen Parameters zwischen 300 und 600 ms variiert.

10. Implantierbarer Zweikammer-Schrittmacher nach Anspruch 6, bei dem die Steuereinrichtung (26) ferner aufweist:

eine Einrichtung zum Bestimmen einer vorhoffrequenz, welche Vorhoffrequenz als Funktion des Durch-
schnittszeitintervalls zwischen Vorhofdepolarisationen bestimmt wird,
eine Einrichtung zum Einstellen des PV-Intervalls (104) als Funktion der Vorhoffrequenz, wobei das PV-Inter-
vall bei ansteigender Vorhoffrequenz verkürzt wird.

11. Zweikammer-Schrittmacher nach einem der Ansprüche 6 - 10, welcher ferner aufweist:

eine Steuereinrichtung (26) zum Steuern des Vorhofkanals und des Herzkammerkanals zu einem Betrieb in
einem Zweikammerbetriebsmodus, wobei die Steuereinrichtung aufweist:

eine Zeitgebungseinrichtung zum Definieren eines Schrittmacherzyklus aus einer Mehrzahl Zeitspannen,
welche Zeitspannen eine postventrikulare Atrialrefraktärperiode PVARP (122) beinhalten, die mit einem
Herzkammerereignis beginnt, wobei das Herzkammerereignis entweder eine erfasste R-Welle oder einen
erzeugten V-Puls beinhaltet, und
eine Oberfrequenz-Begrenzungseinrichtung zum Begrenzen der maximalen Durchschnittsfrequenz des
Schrittmacherzyklus, wobei die maximale Frequenz definiert ist durch ein maximales Durchschnittsfre-
quenzintervall MTR (richtig: MMRI) und die Oberfrequenz-Begrenzungseinrichtung aufweist:

eine Einrichtung zum Erzeugen einer kontinuierlichen MMRI (140) - Folge, wobei ein MMRI unmittel-
bar nach dem Abschluss eines vorhergehenden MMRI beginnt und die MMRI-Folge asynchron retativ
zu der Zeitgebungseinrichtung ist, und
eine Einrichtung zum Begrenzen der Anzahl von V-Pulsen, die während jedes MMRI in der Folge
auftreten können, auf höchstens einen,

wodurch von dem Herzkammerkanal keine V-Pulse bei einer Frequenz erzeugt werden können, die im Mittelwert
schneller als die durch das MMRI definierte Maximalfrequenz ist.
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Revendications

1. Système pour un stimulateur cardiaque à double chambre (10) destiné à augmenter le débit systolique à des
fréquences de stimulation supérieures, le stimulateur cardiaque comprenant des moyens (15, 17) pour détecter
des ondes P et des ondes R, et des moyens (20) pour produire des impulsions V, le système comprenant :

des moyens de poursuite d'ondes P (103) pour fournir une fréquence ventriculaire qui suit les ondes P
détectées ;
des moyens de limitation de la fréquence supérieure pour limiter les moyens de poursuite d'ondes P afin que
des ondes P soient suivies instantanément jusqu'à une fréquence de poursuite maximale, afin de fournir ainsi
une fréquence ventriculaire instantanée qui suit les ondes P détectées jusqu'à la fréquence de poursuite
maximale ;
des moyens de limitation de la fréquence moyenne pour limiter une fréquence ventriculaire moyenne à une
valeur qui est inférieure à la fréquence de poursuite maximale ; caractérisé en ce que :

les moyens de limitation de la fréquence supérieure comprennent :

des moyens de cadencement pour définir un intervalle de stimulation pour le stimulateur cardiaque
qui est la somme d'un intervalle PV PVI (120), d'une période réfractaire post-ventriculaire PVARP
(122), d'un intervalle de blocage auriculaire ALI (126) et d'un intervalle de poursuite d'ondes P (128) ;
les moyens de cadencement fixant le retard PV, la période PVARP, l'intervalle ALI et l'intervalle de
poursuite P à une valeur spécifiée pour un cycle cardiaque donné quelconque, avec ALI > 0 s, mais
l'intervalle de poursuite P ayant au moins une valeur pouvant varier d'un cycle cardiaque à l'autre ; et
en ce que les moyens de poursuite d'ondes P comprennent des moyens de blocage pour bloquer
une éventuelle onde P apparaissant pendant le retard PV ou la période PVARP, et des moyens de
réponse par impulsion V pour générer une impulsion V un retard PV après l'onde P se produisant
pendant l'intervalle ALI ou de poursuite P ; et caractérisé en outre :

en ce que les moyens de limitation de la fréquence ventriculaire moyenne comprennent des
moyens pour générer un second intervalle PV (121) à la fin de tout intervalle ALI pendant lequel
il se produit une onde P sans générer d'onde P à la fin de celui-ci, et pour générer une seconde
période PVARP (123) après le second retard PV, lequel second intervalle PV et laquelle seconde
période PVARP commencent un intervalle de stimulation suivant ;
d'où il résulte que des ondes P peuvent être poursuivies instantanément jusqu'à une fréquence
de poursuite maximale qui est égale à 1/(PVI + PVARP), la fréquence ventriculaire moyenne
étant néanmoins limitée à une valeur proche de 1/(PVI+PVARP+ALI).

2. Système selon la revendication 1, caractérisé en ce que les moyens de cadencement comprennent des moyens
pour définir l'intervalle de stimulation comme étant la somme de l'intervalle PVI (120), de la période PVARP (122),
de l'intervalle ALI (126), de l'intervalle de poursuite P (128) et d'un intervalle de Wenkebach WI (124), et en ce
que les moyens de poursuite d'ondes P comprennent en outre des moyens pour poursuivre une onde P qui se
produit pendant l'intervalle WI de façon retardée.

3. Système selon la revendication 2, caractérisé en ce que les moyens de cadencement comprennent des moyens
pour insérer l'intervalle WI (124) dans l'intervalle de stimulation afin qu'il suive l'intervalle ALI (126), ou dans l'in-
tervalle de stimulation afin qu'il suive la période PVARP (122), l'intervalle ALI faisant suite à l'intervalle WI.

4. Système pour un stimulateur cardiaque à double chambre (10) destiné à augmenter le volume systolique à des
fréquences de stimulation supérieures, le stimulateur cardiaque comprenant des moyens (15, 17) pour détecter
des ondes P et des ondes R, et des moyens (20) pour produire des impulsions V, le système comprenant :

des moyens de poursuite d'ondes P (103) pour fournir une fréquence ventriculaire qui suit les ondes P
détectées ;
des moyens de limitation de la fréquence supérieure pour Limiter les moyens de poursuite d'ondes P afin que
des ondes P soient suivies instantanément jusqu'à une fréquence de poursuite maximale, afin de fournir ainsi
une fréquence ventriculaire instantanée qui suit les ondes P détectées jusqu'à la fréquence de poursuite
maximale ;
des moyens de limitation de la fréquence moyenne pour limiter une fréquence ventriculaire moyenne à une
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valeur qui est inférieure à la fréquence de poursuite maximale ; et caractérisé en ce que les moyens de
limitation de la fréquence moyenne comprennent :

des moyens de cadencement pour définir un intervalle de fréquence moyenne maximum MMRI (140) ;
des moyens non asservis pour répéter sans cesse l'intervalle MMRI sans synchronisation sur d'éventuels
autres événements ; et soit
des moyens pour empêcher de produire plus d'une impulsion V pendant chaque intervalle MMRI ;
d'où il résulte que la fréquence ventriculaire moyenne est limitée à une valeur qui est égale à 1/MMRI ; soit :

des moyens pour la poursuite d'une et une seule onde P pendant chaque intervalle MMRI ;
d'où il résulte que la fréquence ventriculaire moyenne, qui est fixée par la fréquence des ondes P
poursuivies, est limitée à une valeur qui est égale à 1/MMRI.

5. Stimulateur cardiaque implantable à double chambre (10) comprenant un système selon l'une quelconque des
revendications précédentes.

6. Stimulateur cardiaque implantable à double chambre selon la revendication 5, lorsqu'elle dépend de la revendi-
cation 4, caractérisé en ce qu'il comprend en outre :

des moyens de commande (26) pour commander les moyens de détection et les moyens générateurs d'im-
pulsions afin de rendre maximum le nombre de cycles cardiaques pendant lesquels la production d'une im-
pulsion V est synchronisée avec l'activité auriculaire, lesdits moyens de commande comprenant :

des moyens pour produire un intervalle PV (104) qui définit le temps entre l'onde P détectée et une im-
pulsion V, des moyens pour inhiber la production d'une impulsion V à la fin de l'intervalle PV dans le cas
où une onde R (105) est détectée avant l'écoulement de l'intervalle PV,
des moyens pour produire un cycle d'intervalles MMRI de fréquence moyenne maximale (140) qui s'écoule
de façon asynchrone par rapport aux moyens de détection et aux moyens générateurs d'impulsions, un
nouvel intervalle MMRI commençant à la fin d'un intervalle MMRI précédent, et
des moyens pour empêcher la production d'une impulsion V à l'intérieur d'un intervalle MMRI donné du
cycle d'intervalles MMRI si l'une ou l'autre d'une onde R et d'une impulsion V s'est déjà produite à l'intérieur
de l'intervalle MMRI donné,
d'où il résulte qu'au plus une seule dépolarisation ventriculaire est provoquée par ledit stimulateur cardia-
que pendant chaque intervalle MMRI.

7. Stimulateur cardiaque implantable à double chambre selon la revendication 6, caractérisé en ce que les moyens
destinés à empêcher la production d'une impulsion V (106) à l'intérieur d'un intervalle MMRI donné (140) com-
prennent soit des moyens pour déclencher un intervalle PV (104), ne suivant qu'une première onde P (103) d'un
intervalle MMRI donné, et pour ne pas commencer l'intervalle PV après une onde P suivante de l'intervalle MMRI
donné, d'où il résulte que l'onde P suivante de l'intervalle MMRI donné est ignorée et ne conduit pas à la production
d'une impulsion V, soit des moyens pour compter le nombre de dépolarisations ventriculaires qui se produisent
au cours d'un intervalle MMRI donné, et des moyens pour inhiber la production d'une impulsion V quelconque qui
aurait pour résultat la production d'une seconde impulsion V au cours de l'intervalle MMRI donné.

8. Stimulateur cardiaque implantable à double chambre selon la revendication 7, caractérisé en ce que ledit inter-
valle MMRI (140) comprend un intervalle programmable qui est fixé à une valeur comprise entre 300 et 600 mil-
lisecondes.

9. Stimulateur cardiaque implantable à double chambre selon la revendication 6, caractérisé en ce que le stimulateur
cardiaque comprend en outre des moyens pour détecter un paramètre physiologique, et en ce que ledit intervalle
MMRI (140) comprend un intervalle variable qui varie entre 300 et 600 millisecondes en fonction du paramètre
physiologique.

10. Stimulateur cardiaque implantable à double chambre selon la revendication 6, caractérisé en ce que lesdits
moyens de commande (26) comprennent en outre :

des moyens pour déterminer une fréquence auriculaire, la fréquence auriculaire étant déterminée en fonction
de l'intervalle de temps moyen entre des dépolarisations auriculaires,
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des moyens pour ajuster l'intervalle PV (104) en fonction de la fréquence auriculaire, l'intervalle PV étant rendu
d'autant plus court que la fréquence auriculaire augmente.

11. Stimulateur cardiaque implantable à double chambre selon l'une quelconque des revendications 6 à 10, compre-
nant en outre :

des moyens de commande (26) pour commander le canal auriculaire et le canal ventriculaire afin qu'ils fonc-
tionnent dans un mode de fonctionnement à double chambre, lesdits moyens de commande comprenant :

des moyens de cadencement pour définir un cycle de stimulation composé d'une pluralité de périodes de
temps, lesdites périodes de temps comprenant une période réfractaire auriculaire post-ventriculaire
(PVARP) (122) qui commence par un événement ventriculaire, ledit événement ventriculaire comprenant
soit une onde R détectée soit une impulsion V produite, et
des moyens de limitation de la fréquence supérieure pour limiter la fréquence moyenne maximum du
cycle de stimulation, la fréquence maximum étant définie par un intervalle de fréquence moyenne maxi-
mum (MTR), lesdits moyens de limitation de la fréquence supérieure comprenant :

des moyens pour produire une séquence d'intervalles MMRI (140) continue, un intervalle MMRI com-
mençant immédiatement après la fin d'un intervalle MMRI précédent, ladite séquence d'intervalles
MMRI étant asynchrone par rapport auxdits moyens de cadencement, et
des moyens pour limiter à au plus un le nombre d'impulsions V qui peuvent se produire pendant
chaque intervalle MMRI de la séquence,
d'où il résulte qu'aucune impulsion V ne peut être produite par le canal ventriculaire à une fréquence
qui est en moyenne plus élevée que la fréquence maximum définie par l'intervalle MMRI.
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