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PACING DEVICE FOR MINIMIZING VENTRICULAR
PAUSES AFTER DELIVERY OF ATRIAL ANTI-TACHYCARDIA PACING
THERAPY

BACK! 0) INVENTIO

The present invention relates generally to the field of cardiac pacing systems, and ~
more particularly to a cardiac pacing device having pacing control for minimizing a
ventricular pause that can follow the delivery of an atrial anti-tachycardia pacing (ATP)
therapy.

Modern cardiac pacing devices and systems, such as implantable pacemakers and
cardiovertcr-defibrillators, are designed for efficient dual or multiple chamber pacing, as
well as for detection and treatment of dangerous cardiac arthythmias. A dual chamber
pacing device commonly provides an atrial tracking, synchronous pacing mode (such as
DDD or DDDR), whereby the ventricle is paced in synchrony with sensed and/or paced
atrial activity. This type of pacing scheme approximates the normal healthy coordination
between the atrium and the ventricle and, thus, optimizes cardiac output of the heatt.

If the atrium is seized with an arrhythmia, however, most modem pacing devices
will switch from an atrial tracking, synchronous pacing mode (such as DDD) to a non-
tracking, atrial-ventricular (AV) sequential pacing mode (such as DDI), in which the
ventricle js paced in response to pulsed atrial activity but not sensed attial activity. To
combat the atrial arthythmia, the pacing device commonly will select and administer an
ATP therapy comprising a plurality of carefully controlled, rapidly administered puises to
the atrium. During delivery of the ATP therapy to the attlum, the pacing device will
switch to a special therapy mode, (such as AQO with VVI backup) in which the ventricle is
paced independent of atrial activity. That is, neither paced nor sensed atrial events trigger
pacing in the ventricle. During the special therapy mode, the ventricle is commonly paced
at a patient-specific lower rate interval (LRI), or at a sensor rate if the patient’s current
activity levels justify a higher rate, ' ‘

Upon delivery of the last atrial pacing pulse of the ATP therapy, the pacing device
commonly reverts back to the non-tracking, AV sequential pacing mode (e.g., DDI). This
transition back, however, may result in a ventricular pulse-to-ventricular pulse (V-V)
interval between the last ventricular pulse delivered prior to the cessation of the ATP

SUBSTITUTE SHEET (RULE 26)
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ATP therapy that is significantly Tonger than the LRI, This is especially true if the last
atrial pulse of the ATP therapy occurs immediately prior o the next scheduled ventricular
palse. This Jong V-V interval experienced upon iransilion between the pacing device's
therapy mode and non-tracking, AV sequential mode is referred to herein gs a ventricular
pause,

A ventricular pause that is greater than the LRI presents three potentially negative
affects. First, the long ventricular pause may prodacs undesirable symploms in somes
palionts. Second, alternating between relatively short and long ventricular intervals could
be potentigtly pro-grihythmic. Third, the long ventricular pause may result in confision
for the patient’s physician because data stored in the deviee may appear as thoagh the

patient was paced af 8 rate lower than the programmed LRI,

BRIEE SUMMARY OF THE INVENTION

The present invention tatroduces a pacing control for uss in a nuliiple-chamber

cardiac pacing systom, which, vpon detecting s stial arthythmia, automatically switches
to a special therapy mode and administers a selected anti-tachycardia pacing (ATP)
therapy in the atrinm, and which switches to a standard pacing mode Following delivery of
the ATP therapy. The pacing control adjusts the timing of pacing pulses 1o be delivered to
ihe atsium and/or the veniricle to minimize any potential ventricalar pruses that may result

fron the switch from the therapy mode to the standard pacing mode.

BRIEF DESCRIPTION OF THE DRAWINGS
FIG. 1 is a diagram of an implantable medical device and lead set of a tvpe in

which the present invention may be pragticed.

FIG. 2 is a functional block diagram of the circuitey of the implantable medical
device of FIG. 1.

FIG. 3 is an example of a timing diagram for iflustrating a ventricular pause that
can follow the delivery of an airial anti-tachycardia pacing thesapy,

FIGS. 4, 3A and 3B are examples of timing diagrams for llustrating 8 pacing

conirol in accordance with the present invention for use in the implaniable medical device.
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DETAILED DESCRIPTION

FIG. 1 is a diagram of implantable medical device (IMD)} 10 capable of providing
pacing therapy to heart H in accordance wiih the present invention. TMD 10 is presented
herein as one embrodiment of a cardiac pacing system that embodies the pacing control of
the present invention. However, the pacing condrol of the present invention may be
adapted for use with any mudtiple chamber pacing or defibrillation systom which, upon
deiecting an atrial arrhythmia, automatically switches from an atrial svachronous pacing
mode to a non-ttacking pecing mode and administers an anti-lachycardia pacing (ATP)
therapy in the atrivmm, and which reverts to the atrial synchronous pacing mode upon
successful termingtion of the ruial arrhythmia by the ATP therapy.

In the embodiment Hiustrated in FIG. 1, IMD 10 includes henmetically-sealed
housing 12, header 14, right atsial (RA) lead 16, and right ventricalar (RV) lead 18, IMD
16 further includes cireuifry and a power sowrce, which are located within housing 12, for
conirolling the operation of IMD 10, The circuitry, which includes the pacing controt of
the present invention, communicates with leads 16 and 18 through electrical commectors
within header 14. Leads 16 and 18 extend from header 14 to right atrium RA and right
ventricle RV, respeclively, of heart H. Leads 16 and 18 carry one or more
sensors‘electrodes for sensing elecirical signals aitendant to the depolarization and
repolarization of heart H, and further for providing pacing puises for causing
depolagization of cardiac tissue in the vicinity of the distal ends thereof. As shown in FIG
1, atrial electrodes 20 and 22 are disposed af the distal end of RA lead 16 and are located
in vight atrium RA. Similarly, ventricular elecirodss 24 and 26 are disposed af the distal
end of RV lead 1€ and are located in right ventricle RV,

FIG. 2 is a functional block diagram of the circuitry located within IMD 10, This
block diagran: is intended to be merely exemplary and corraspoends oniy fo & general
functional organization of most presenily available IMDs. The circuitry generally
includes microcomputer cirenit 30, input/output cireuit 52, and data communications bus
54.

Microcomputer circuit 50 includes micropracessor 36, svsiem clock 58, on-bogrd
RAM memory 60, on-board ROM memory 62, off-board RAM/ROM memory 64, and
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digital controller/timer circuil 66 connecied to microprovessor 36 and of -board
RAM/ROM memory 64 via data communications bas 54, Microcomputer circuit 50
comimunicates with input/osiput circuit 32 1o monitor electrical sctivity in heart H as well
as to deliver appropristely-timed putses to the various electrodes. Digital controller/timer
cireyit 66 includes digital thmers and counters used to determine time hetween successive
depolarizations in the atria and ventricles, as well a3 to provide various refractory,
btanking, and other timing windows used to determine delivery of paced pulses to the airis
and ventricles, Digital conlroller/limer circuit 66 receives sensed activity signals and
causes pacing pulses to be delivered via connections fo leads 16 and 18,

RA lead 16 is connected to digital controlles/timer circuit 66 via output pulse
generator 58, electrogram {BGM} amplifier 76, and sensing circuitry 72. Sensing circuitey
72 includes sense amplifier 74 and peak sense and threshold megsurement circuitry 76,
Bense amplifier 74 amplifies electrical cardiac signals sensed by RA lead 16 and provides
an amplilied signal to peak sense and threshold measurement circuitey 76, which i fum
provides sn indication of sensed cardiac events and measured sense amplifier threshold
voltages to digial controflerftimer circuit 66. Electrical signgls sensed by RA lead 16
provide microcomputer SO with information regarding depolarizations in rght atrium RA.
Signals received by RA lead 16 are also provided to EGM amplifier 70 and are converted
into digital values by goalog-to-digital converter (ADC) snd smudtiplexer 77. The output of
ADC gnd muliiplexer 77 provides a digitized version of the EGM signal, which IMD 10
may transnii to an external programumer {not shown) when interrogated by the external
programumer lo iransmif a representation of & cardiac EGM. Under the control of
microcomputer circuit 50 and digital controfler/timer circutt 66, output pulse generaior 68
provides pacing pulses to RA lead 16.

ha asimilar fashion, RV lead 18 is also connected 1o digital conirollerftimer cirouit
66 vig ouiput pulse generalor 78, BGM amplifier 80, and sensing circuitry 82. Sensing
cireyiiry 82 includes sense amplifier 84 and peak sense and threshold measurement
circuitry 86. Sense ampfifier 84 amplifies electrical cardiac signals sensed by RV lead 18
and provides an amplified signal to peak sense and threshold measurement circuitry 86,
which in tum provides an indication of sensed cardiac evenis and measured sense
amplifier threshold voliages fo digital condroflerdimer cireuit 66, Electrical signals sensed

by RV lead 18 provide microcompuier 50 with information regarding depolarizations in
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vight ventricle RV, Signals received by RV lead 18 are also provided to EGM amphifter
40 and ave converted to a digital value by ADC and multiplexer §7. The output of the
ADC and muttiplexer 87 provides a digitized version of the EGM signal, which IMD 16
may transnit to the external programmer when imerrogated by the external programmer 10
transmit a represemation of § cardiac EOM. Under the confral of niicrocomputer circuit
0 and digital controller/timer cirouit 60, output pulse generator 78 provides pacing pulses
1o RV lead 18.

In the erbodiment shown in FIG. 2, IMD 10 also inctudes activity sensor 90 and
accelerometer 92 or activity orystal, which provide input fo digital controller/timer cirouit
66 regarding a patient’s metabolic requirements. Digital controflertimer cirenit 66 takes
into account input from aclivity sensor 90 and aceelerometer 92 in deciding an appropriate
rate a3 which 1o provide pulses to RA lead 16 and RV lead 18, However, the patient
preforably is not paced at a rate lower than a programmed, pati ent-specific, lowest rate
interval {LRI).

IMD 10 also includes RF {ransmitter sod recetver 94 and antenna 96, which slows
MDD 10 1o be progranemed by means of an exiemal progranming unit (not shown).

Powaer ts supplied 1o all systems of TV 10 by power supply 98.

IMD 10 may implement any of a number of different pacing modes depending on
{he situation. Digital controller/timer circuit 66 of FIG: 2 includes programmable digital
counters that confral the basic fiming intervals associated with each of the various pacing
modes. Bach mode can be described by a three-letier {or sometimes four) code as

described in the following table:

Digit 1 2 3

Funicon

Chamber Paced

Chamber Sensad

Pacing Response

Options

A~ Alriam
V-~ Vantricle
D~ Both

A~ Alrlam
V — Veniricle
0 - Both

T - Triggered
¥ - Inhibited
B - Both

For esample, when operating in a DDD mode (known as a tracking mode), IMD 10 may

pace gither the atritm or the ventricle and senses in either the atrtum or the ventricle, In
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response o sensed depolarizations, pulses may be triggered or inhibited, Thus, IMD 10
operating in the DDD mode may deliver pacing pulses fo right ventricle RV in response fo
electrical activity sensed {ntrinsic or paced) in tight attiam RA, During nomnal operation
ol ™MD 10, this fracking mode is a common pacing strategy 1o maintain a one-to-one
coordingtion between atrial and veniricudar contractions,

FIG. 3 1s an example of a timing diagram illostrating atrial pacing pulses AP1-
APle {vollectively AP} and ventricular pacing pulses VP1-VP6 (collectively VP) for
delivery by IMD 10 o right alrium RA. and right vendricle RV, respectively, as » function
of time over first, second, and third periods T1-T3.

Baring first and shird periods T1 and T3, IMD 10 operates in a non-tracking, AV
sequential pacing mode such as DDLU This mode is commoenly nsed when IMID 10is
following detection of an atrial arthythmia, During the non-racking, AV segueritial mode,
venivioular pacing prises VP are delivered by IME 10 only in response to paced atrial
puises, and not fo sensed atrial pulses.

In the example shown in FIG. 3, IMD 10 detects an arthyilunia {not shown) in
right atrium RA prior to first ime period T1. Upon detection of this atrial arhythnia,
IMD 10 automatically switches to a pon-tracking, AV sequential mode (period 1), To
combat the atrial arthythimia, IMD 10 automatically selects an appropriale ATP therapy
and begins delivery of the selected ATP therapy to vight atrlam RA during second time
period T2, At the onset of period T2, TMD 10 switches modes to a special therapy mode
in which ventricular pacing pulses VP are provided independent of atrial pulses AP {i.e., a
non-tracking mods with no AV synchrondzation), ATP theraples may vary depending
upon the deviee's programmed setting and the detection rae of the grrhythmia, but
genwrally include a carefully controlled, rapidly paced sequence of pacing pulses. In this
example, the selected ATP thevapy consists of tapidly-paced pulses AP3-AP14.

Independent of this activity in right afttium RA, IMD 10 paces right ventricle RV @t
a constant, patient-specific Iower rate inferval (LRI) representing the lowest rate gt which
the patient should be paced. If justified by the patient’s current activity levels, however,
right ventricle RV may be paced al 8 higher activity-based rate,

As shown in FIG. 3, expecied veniricular pacing pulse EVP is scheduled for
delivery shortly after last atrial pulse AP14 of the ATP therapy. However, following
delivery of the ATP therapy, IMD 10 switches back to is non-iracking, AV sequential
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mode it which ventricular pacing pulses VP lag behind atrial pacing pulses AP, delivered
by IMD device 10, by the A-V imerval. During the mode transition between the therapy
mode and the non-fracking, AV sequential mode, TMD 18 enforces “A-A timing™, in
which atrial pulses are provided at the programmad rate at the expense of providing
ventricular pulses at the progravumed rate. Therefore, atrial pulse AP1S is delivered after
the Jast atrial pulse in the ATP therapy (AP14) at an interval defined by the atrial
programmed rate. This mode transition, with A-A timing enforced, causes expecied
venlricular pulse EVP fo not be delivered to the ventricle and thus results in g V-V mterval
between ventricular pacing pulses VP4 and VP3 that is significantly longer than the LR
1t is this fong interval that is referred to herein as ventricudar pause VPP,

Conventionally, atrial ATP therapies were delivered withoul any consideration of
potential ventricular pauses VPP, As described above, however, this long V-V imerval, or
ventricwlar pause VPP, may have some undesirable affects.

FIG. 4 is an example of a iming diagram for llusirating a pacing confrol of IMD
14 for minimézing potential ventricular pauses in sccordance with the present invention.
The pacing conirol of the present invention iz based upon the premise that IMD 10 can
caloniate the timing of a selected atrigl ATP therapy and can adjnst the timing of pacing
pulses o be delivered to right atrium RA and/or tight ventricle RV 1o minimize the
ventricular pause VPP

As shown in FIG. 4, the therapy delivery durgtion {TDD) of a selecied afrial ATP
therapy is a function of the number (n) of ATP pulses comprising the ATP therapy and the
mean A-A interval (M A between successive ATP pulses as follows:

TOD =1 ¥ MAjevat

By adding this duration to an initial V-A interval (VAD, an airdal activity duration (AAD)
can be determined as follows:

AAD =TDD + VAL = n ¥ MAyiena + VAL

in this fornmuia, the V-A imferval (VA is the interval ocourring between the ventricular
puise delivered just prior to ATP therapy delivery (VP23 and the fixst ATP pulse of the
ATP therapy (AP3}3. A corresponding ventricular activity duration {VAD) during this
ATP iherapy delivery can be delermined as a function of the number of ventricular beats
{2) that would normally occur in the selected ATP thergpy and the V-V mnferval (Vinerat)

between sucosssive ventricular pulses as follows:
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VAD = Z * Vigorst

The pacing control of the present invention then attempts minimize potential ventricular
panses VPP by selecting a value for one of the five variables, of which the afrial activify
duration {AAD) snd the ventricular activity duration {VAD) are a function, that best
equalizes these twao durations as follows:

1% MAuervt ¥ VA= 2% Viren

in ofhet words, the goal in this embodiment is to cause the fast ventricudar pulse provided
during delivery of the ATP therapy to fall siondlaneous with, or shortly before, the fast
ATP pulse of the selected ATP therapy. In alternate embodiments, the fingl veniricular
palse may ocour at a prescribed offset with respect 1o the final ATP iherapy pulse.
Howaever, this offset should be minimized o keep the potential venticular pause as gsroajl
as possibla.

Following are several approaches by which a selected atrial ATP therapy andfor
venlriculat pacing schedule may be adjusted in accordance with the present Mmvention to
minimize polential ventricular pavses. In each of the hypotheticat examples preseoted
below, the default values defining the ATP therapy are as follows: the mean A-A interval
(M Aseren} is 150 milliseconds, the nomuber of atrial ATP pulses (0} is 25, the mitial V-A
interval (VAD is 110 milliseconds, and the V-V interval {Vigareatd 18 1000 milliseconds.

Approach 1: V-V Inferval

A first approach provides that an alternate V-V interval {Viwawa} be determined for
pacing ventricutar puises VP during delivery of the atrial ATP therapy. In many pacing
systems, the V-V interval (Vi) IS a pre-programmed vaiue determined by the
physician for a particular patient. To prevent the physician’s settings from being
overridden by the pacing coatrol of the pacing svsterm, the pacing system may instead
request that the physician program a range of acceplable V-V intery s (Vv fO1 the
patient. In this scenario, the first step i then to determine an intermedinte aumber of
ventricular pacing pulses (2 that will result in a V-V interval (Vieva) in the acoeptable
range of V-V intervals (Vi) 10 the hepothetical example prasented above, this
calcalation would be as follows:

Z' = (0 * MAjuat T VAT Viporval
2= {025 % 130 ms) + 110 ms}/ 1000 ms = 3.86 pulses

The fact that this result is a non-integer value indicates that s ventricular pause wonld exist
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ifnone of the above vartables were adjusted. Rather, in accordance with the present
invention, the number of veniriculsr pacing pulses (7) is determined by rounding the
intermediate number of ventricalar pacing pulses (Z7) to an integer valne.

A modified V-V interval {V it} 15 then calculated ag;
Vistervat = 1 * MAjppeon + VAT Y/ 2
Visorvad’ ® J{23 * 130 ms) + 110 ms] / 4 = 965 ms
Thas, by adjusting the V-V interval (Vi) 10 963 milliseconds (rather than the default
1600 milliseconds}, the last venlrcalar pulse during atrial ATP therapy and the Jast atrial
pulse of the ATP therapy will be delivered at substantially the same time. Further, by
rounding the unadjusted number of ventricilar pulses up to the next highest integer, the
modified V-V interval {Viuena') is assured to be shorter {i.e., faster) than the LRL

The meathod in which IMD 10 rounds the intermediate mumber of ventrioular
pacing pulses (£7) to an integer value affects the selected V-V interval (Vi) In a first
method, IMIY 10 rounds the intermediate number of ventsicular pacing pulses (Z°) to the
nearest integer, causing the V-V interval {Vigerat) 10 be maimained close 1o its
programmed setting. 1n a second method, the intermediate number of ventricular pacing
pulses {Z'} is rounded to the nest highest integer (2.g., 3.25 would be rounded to 4),
ensuring the V-V interval (Vigens) IS taintained af a rate faster than the lower rate
interval (LRI). Alhough the second method ansures the V-V interval {Vinereat) falls within
accepied parameters, it causes greater deviation from the programmed rate,
tn one embodiment, IMD 10 initiafly employs the first method and rounds the
intermediate number of ventricutar pacing pulses (Z') to the nearest integer. I the
resulting V-V interval {Viye) (or other modified parameter) falls within an acceptable
rangse, then IMD 10 proceeds to deliver the vertricular pacing pulses at the modified V-V
intereal (Vigaea). Ihowever, the resulting V-V interval (Vigeeat) does not fall within an
acceptable range {e.8.. modified V-V interval (Vi) is below the LRI by a sufficient
amount), then IMD 10 rounds the intermediate number of ventricular pacing pulses (Z°)

the next higher integer to ensure a V-V interval within the accepted range.
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Approach 2: Number of ATP Therapy Pulses

A second approach adjusts the number of ATP therapy pulses (n) fo minimize
potential ventricular pawses VPR, Specifically, a small numnber of the intended ATP
iherapy pulses are either withheld or added in an atlempt to equalize the atrial acti vity
duration (AAD) with ihe ventricular activity duration (VAD), Once apain, the first step is
to determing an intermediate mumber of ventricular pacing pulses {Z') that will result in a
V-V interval (Vigewva) i the acceptable range of V2V infervals {Viuava). Turning to the
hypothetical, as shown in the first approach presented above, the intermediale number of
veniricular pacing pulses (2 is 3.86, which is then rownded o the neavest integer valye or
the next higher integer value (depending on the method selected by IMD 10) to determing
ihe nurmber of veniricular pacing pulses (Z) to be defivered gs four.

A modified number of ATP therapy pulses (") is then caleulated as:

W= D Vi) = VAL MAguena

=4 1000 mey ~ 110 ms}/ 1530 ms = 25.93

As discussed with vespect to Approach 1, rounding to the nearest integer resulfs in the
modified number of ATP therapy pulses (n”) being maintgined closer to the programmad
value. However, this method may result in fewer ATP therapy pulses (n") being deliversd.
By rounding to the next highest integer, the modified number of ATP therapy palses {(n”)
will atways be equsl to or greater than the osiginal nurnber of ATP therapy pulses {n).
Rounding the number of ventricular pacing pidses to the nearest integer value {in his case,
Four) resulis in tventy-six ATP therapy pulses (rather than the default twenty-five pulses)
being delivered to the attium. Thus, by adding just one additional ATP therapy pulse, the
potential ventricular panse VPP is substantially minintzed. Because of this fnal rounding
of the number of ATP therapy pullses, however, the venuticular pause will not be
completely eliminated. The number of ATP therapy pulses {r”) may differ slightly from
ihe progranumed number of ATP therapy pulses when using {his approach.

In one embodiment, the number of ATF therapy pulses (n) to be included in
particular ATP therapies may be progranamed as discrete range of values rather than exact
mumbers, allowing flexibility in defermining the number of ATP therapy pulses 1o be

included in & particular ATP therapy.
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Approach 3 Mean A-A Interval

A third approach provides that the mean A-A iderval (M A} be adiusted so
that the atxial activity duration (AAD) substantially equals the ventricular activity duration
(VAL Onee sgain, an intermediate number of vertricular pulses (2} is determined to be
3.86 puises, 1n this third approach, however, this intermediate value is preferably rounded
to the nearest integer value (rather than the next highest integar value). Despite this
distinction, the number of ventricolar pacing pulses {Z) in this example is sl four.

A modified mean A-A interval (MAewat) 15 then ealculsted as:

MAgrvat’ = K2 ¥ Vigpwt) - VAL 0

MAsmerea’ == [(4 * 1000 ms) ~ 130 ms} /£ 25 = 155.6 ms

Depending upon the resolution of the pacing svstem, this value may need to be rounded to
the nearest acceptable value. For example, if the resolution is five milliseconds, the
modified mean A-A interval MApeeat) would be rounded to 135 milliseconds, but if the
resolation were ten milliseconds, the modified mean A-A interval (M At} yeould be
rounded to 160 milliseconds.

Thus, potential ventricular pauses VPP may be minimized by stiphtly increasing ov
decreasing the mean A-A Inferval (MAena) of the ATP therapy pulses. Inone
ernbodiment, mean A-A interval {MAsuona) between the detivered ATP pulses is allowed
to vary from programmed values for the A-A intervals between successive ATP pulses. o
aiternate embodiments, the mean A-A interval (MAjwna) 15 programmed as a diserete
range rather than an esact number.

Approach 4: Inifial V-A Interval

This fourth spproach delavs the initiation of the ATP therapy by adjusting the
initial V-A interval (VAI) to improve the relative timing of the end of the ATP therapy.
Again, an intermediate namber of ventricular pulses {27 is detenmined to be 3.86 pulses,
which value is then rounded to the nearest inleger to provide for four ventricular pacing
puises.

Amodified initial V-A interval (VAL'} is then calculated as:

VA =% Vigornat) - @ ™ MAjuores)
VAL = {4 ¥ 1000 ms) - {25 ¥ 150 ms} = 250 ms
Diepending upon the resolution of ihe pacing svstem, this value may need to be rounded fo

the nearest acceptable value. In implamenting this approach, a timer set for this valug
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R 94

begins running after the last ventricular pulse delivered prior to the delivery of the ATP
therapy. Once the timer expires, the pacing svstem would begin delivering the sirial ATP
thesapy. By slightly shifting the delivery of the ATP therapy, the dogation of any potential
ventriculsr psuse can be minindzed.

Approach §; Shilt Pause to Atrium

FIGS. SA and 3B are timing diagrams Mvsirating a fifih approach to minimizing
potential venlricalar pauses following the transition from a non-tracking mode duting
delivery of an atrial ATP therapy to an strial synchronous mode. Rather than adjusting the
tinung of pacing pulses {0 be delivered to right atrtum RA andfor right ventricle RV during
ihe time the ATP therapy is being delivered, this fifil approach modifies the timing of the
pacing pulses immediately following the ATP therapy delivery.

As described above, pacing aciivily in the ventricle, when operating in the atrial
synchronous mode, generally tracks pacing activity in the atrium.  For this reason,
tollowing successful termination of an atrial arthythimia by an ATP therapy and refun o
the atrisl synchronous mode, conventional pacing systerns enforcing A~A timing fiest
schedule an afrial pacing pulse AP, which may then be tracked by a ventricular pacing
puise VP. Because A-A timing doss not take into account the ventricular progranumed
rate, a long ventricular pavse can result following a switch of modes.

In {his 3fth approach, following delivery of the ATP therapy, the pacing system
schedules a verstricular pacing pulse VP to occur prior 1o any atrial pacing pulses AP, As
shown in FIG, SA, following the defivery of a successful ATP therapy {and consequent
relurn lo the fracking mode), ventricular pacing pulse VP2 is scheduled at the LRI rate
from ventricular pulse VP1, which is the last veniricular pulse detivered during delivery of
the ATP therapy. First post-ATP atrial pulse AP is then scheduled from the first post-
ATP ventricalar pulse VP2, followed by conventional atrial synchronous mode pacing
{emploving A~A timing) in both the atrium and the veniricle. This approach may increase
the inferval between the last atrial pulse delivered as pari of the ATP therapy and the next
atrial pulse {e.g., AP1). Itis believed by the present inventors, however, that a potential
pause in the atriur is Jess worrisome than a long pause in the ventricle and that this may
be a vinble option Tor certain patiens.

F1G, 5B illustrates an alterngtive 1o the method itlustrated in FIG, 3A, in which the long

atriaf pause described with respect 1o FIG, SA is minimized by employing V-V timing. In
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V-V timing, veniricnlar pulses are delivered af the programmed rate (i.e., LRI a5 shown in
FIG. 38) at the expanse of the atrial progranuned rate. As shown in FIG. 5B, following
the delivery of a successful ATP therapy (and consequent return 3o the tracking mode),
ventriculgr pacing palse VP2 is scheduled at the LRI from ventricular pulse VPI, which is
the fast ventrieular pulse delivered during delivery of the ATP therapy. Because V-V
timing is being enforved, a firsf post-ATP atrial puise is scheduled 1o ocour at the pulsad
atrial-veniricalar interval {PAV) priorio delivery of the ventricalar pulse VP2, The
benefit of this method is the retum to syachronous pacing directly Tollowing delivery of
the ATP therapy, as well as a reduction in the atial panse described with respect to FIG.
3A when A-A timing is enforced. However, because V-V tining is being enforced, the
first post-ATP atrial pulse (AP1) may be delivered close in fime with a previous atrial
pulse delivered as part of the ATP therapy,
Sensed Ventricolar Pulses

For sake of simplicity, it is assumed in deseribing the above approaches that
veniriclar pacing oceurs thronghout the duration of the ATP therapy, that is, that no
nfrinsic pulses are defected in the ventricle. 1 is possible, however, that intrinsic pulses
may be sensed in the ventricle, causing a planned paced pulse to be inhibiied, Where
ventricular sensing oceurs, the above described caleulations could be parformed
dynamically, or “on the fiy”, to continually adjust the timing of lhe defivered pacing pulses
1o ninimize potential venfricular pavses, Of course, if intrinsic veniricular pulses are
consistently occurring, long ventricuar pauses are unlikely fo result because the patiens
would appear to have adequale A-V conduction.

Although the present invention has been described with refierence to preferred
embodiments, workers skitled in the arnt wifl recognize that changes may be made in form
and detail without departing from the spirit and scope of the invention. For example,
although lhe present invention was described above with respect fo an implantable
pacemaker device, the invention is equally adaptable for use in both implaatable and
external pacing systems. Further, the Hlustrated embodiments show pacing in only right
atrium RA and right veniricle RV, but the present invention applies equally to pacing in all

four chambers of the heard,



WO 2007/059383 PCT/US2006/060513

14

CLAIMS

1. A cardiac pacing device comprising:

an ginal lead;

aventricadar lead;

pulse generation cironitry connected to the atrial and ventricular leads for delivering pacing
pulses to an atvhwm and a venlricle, respectively; and

control eirouitry for adjusting at least one parameter defining an anti-tachycardia pacing (ATP}
therapy and/or a corresponding set of ventricular pacing pulses to affect a veniricular pause
following a last ventricular pacing pulse of the set of ventricular puises, and for pausing the puilse
generation circuitry to deliver the ATP therapy and the sef of ventricular pacing pulses, as

adjusted, to the atrium and venixicle, respectively.

2. ‘The cardiac pacing device of claim 1 and further comprising:
sensing circuitry connected fo the atrial and venuricular leads for sensing depolarizations in the

atrium and ventricle, respectively.

3 The cardiac pacing device of claim 2, wherein the control circuitry, upon detection of &
ventricuar depolarization sensed via the ventricular lead, readjusts the at least one parameter to

affect the veniricular pause.

4. The cardize pacing device of claim 2, wherein the pulse generation circuitry is capable of
operating in both an atrial synchronous pacing mode in which synchronized pulses are delivered
to the ventricalar lead in response to atrial pulses delivered via the atrial lead and a therapy mode
in which venuicular pulses are delivered to the ventricular lead independent of atrial pulses

sensed or delivered via the atrial lead.

S, The cardiac pacing device of claim 4, wherein the control circuitry causes the pulse
generation circuitry, in response to a detected abrial arrhythmia, to switch from the atrial

synchronous pacing mode to the therapy pacing mode, and wherein the control cireuitry further
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causes the pulse generation circuitry to revert back to the atrial synchronous pacing mode sfter a
last atrial pulse of the ATP pacing therapy which has successfilly terminated the auial

arrhythimia has been delivered.

6. The cardiac pacing device of claim 1, wherein the control clreuitry farther adjusts the at
least one parameter to prevent the last ventricular pacing pulse of the set of ventricular pacing

pulses from occurring subsequent to a last atrial pulse of the ATP pacing therapy.

7. The cardiac pacing device of claim 1, wherein the at least one parameter includes a

manber of ventricular pudses comprising the ser of ventricular pacing pulses,

8. The cardiac pacing device of clatm !, wherein the at least one parameter includes a

number of atrial poises comprising the ATP therapy.

9. The cardiac pacing device of claim 1, wherein the at least one parameter includes a time

interval between successive ventricular pacing pulses of the set of ventricular pacing pulses.

10, The cardiac pacing device of claim 1, wherein the at least one parameter includes a mean

time interval between successive atrial pudses comprising the ATP therapy.

1. The cardiac pacing device of claim 1, wherein the at least one parameter includes 2 time
interval between a ventricular pulse delivered or sensed prior to delivery of the ATP therapy and

the beginning of the ATP therapy.
12, The cardiac pacing device of claim 1, wherein the at least one pasameter inclodes & time
interval between a last atrial pulse of the ATP therapy and a first atrial pacing pulse following

the ATP therapy.

13, A method for use with a cardiac pacing device in pacing an atclum and a veniricle of 2
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patient, the method comprising:

detecting an atrial arrhythmia;
selecting an anti-tachycardia pacing (ATP) therapy and a set of ventricular pulses in response to
a detected atstal arrhythmiy;
adjusting at least one parameter defining the ATP therapy and/or the set of ventricular pulses to
affect a ventricular pause following a last ventricular pacing pulse of the set of ventricular
pulses; and
delivering the selected ATP therapy and the sel of ventricular pulses, as adjusted, to the patient’s

atrium and ventricle, respectively.

14, The method of claim 13 and further comprising:
sensing depolarizations in the ventricles; and
readjusting the at least one parameter in response to a detected intrinsic depolarization in the

veniricle.

15, The method of claim 13 wherein the at least one parameter is further adjusted to prevent
the last ventricular pacing pulse of the set of ventricular pulses from occurring subsequent to a

tast atrial pulse of the ATP therapy.

16, The method of claim 13 wherein the at least one parameter is selected from the group
consisting of a number of ventricular pulses comprising the set of ventricufar pacing pulses; a
number of atrial pulses comprising the ATP therapy; a time interval between successive
ventricular pacing pulses of the set of ventricular pacing pulses; a mean time interval between
suceessive atrial pulses comprising the ATP therapy; a time inferval between 2 veniricular pulse
delivered or sensed prior to delivery of the ATP therapy and the starf of the ATP therapy: and a
time interval between a last atrial pulse of the ATP therapy and a first atrial pacing pulse

following the ATP therapy.

17. A cardiac pacing device foruse with a patient, the cardiac pacing device comprising:
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means for detecting an atrial arrhyvthmia;
means for selecting an anti-tachycardia pacing (ATP) therapy and 2 set of ventricular pulses in
response 1o a defected afrial arrhythmig;
means for adjusting at least one patameter defining the ATP therapy andior the set of ventricylar
pulses to prevent a ventricular pause following a last ventricular pulse of the set of ventricular
putses from. exceeding a lowest rate interval; and
means for delivering the selected ATP therapy and the set of ventrizular pulses, as adiusted, to an

atrinm and a ventricle, respectively, of the patient.

18.  The cardiac pacing device of claim 17 and further comprising:
means for sensing depolarizations in the ventricte; and
means for readjusting the at least one parameter in response to a detected intrinsic depolarization

in the ventricle.

19, The cardiac pacing device of claim 17, wherein the means for adjusting the at least one
parameter defining the ATP therapy and/or the set of ventricular pulses comprising:

means for adjusting the at least one parameter defining the ATP therapy and/or the set of
ventricular pulses to prevent the last ventricular pacing pulse of the set of ventricular pulses from

occusting subsequent to a last atrial pulse of the ATP therapy.

20, The cardiac pacing device of claim 17 wherein the at least one parsmeter is selected from
the group consisting of a number of ventrioular pulses comprising the set of ventricular pacing
pulses; a number of atrial pulses comprising the ATP therapy; a time interval between successive
ventricular pacing pulses of the set of ventricular pacing pulses; a mean time interval between
successive atrial pulses comprising the ATP therapy; a time interval between a ventricaiar pulse
delivered or sensed prior to delivery of the ATP therapy and the start of the ATP therapy; and 2
time interval between the last atrial pulse of the ATP therapy and a fivst atrial pacing pulse
following the ATP therapy.
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FIG. 1
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FIG. BA
FIG. 5B
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