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12 Claims, 8 Drawing Sheets

Batect Evenis from Cardiac Bignals b
Sensed at Hlectrodes of the IMD

Analyze the VT Cysle Length te Defins an s
Anti-Tachycardia Pacing (ATP) Therapy
that includes a First Coupling Intarval

Manage Delivery of a First ATP Pulse that is 54
Spated the First Coupling [ntervel After a
Reference Refractory VT Event
Sensed at the Elsctrodes

Window, to Sense Cardiac Signals After
Termination of the Depelarization Interval and
Before Delivery of the Second ATP Pulse

Manage Delivery of  Second ATP Pulse 56
. Foliowing the First ATP Pulse by & s
" Non-Stimulation Segmen! at feast
Twice tha VT Cycle Length
Disatle Sensing for Depolarizatior Window; 60
Enable the Sensing Circult, for a Sensing 4

Determine Whether YT Events are Sensed 62

During the Sensing Window, and i so, Utifize 17—

2 VT Cyvle Length to Determine & Delivery
Timing of a Second ATP Puise

G



US 10,661,085 B2

Page 2

(51) Imt.ClL

A6IB 5/04 (2006.01)

A61B 5/00 (2006.01)

AG6IB 5/0464 (2006.01)

AG6IN 1/39 (2006.01)

AGIN 17375 (2006.01)

AGIN 1737 (2006.01)

AGIN 17378 (2006.01)

AGIN 1/365 (2006.01)

A6IN 1/05 (2006.01)

AGIN 1/08 (2006.01)
(52) US. CL

CPC ......... AG6IN 1/3704 (2013.01); AGIN 1/378

(2013.01); A6IN 1/3756 (2013.01); AGIN
1737512 (2017.08); A6IN 1/39622 (2017.08);
A6IN 17059 (2013.01); AGIN 1/0573
(2013.01); 461N 1/365 (2013.01); AGIN
1/3702 (2013.01); A6IN 1/3708 (2013.01);
A6IN 2001/083 (2013.01)
(58) Field of Classification Search

CPC . A61B 5/04012; A61B 5/0464; A61B 5/6869;
AG1B 5/7235; A61B 5/7282

See application file for complete search history.

(56) References Cited
U.S. PATENT DOCUMENTS

2017/0209696 Al*  7/2017 Kaiser ..o AGIN /3622
2017/0312516 Al 11/2017 Jackson et al.

* cited by examiner



U.S. Patent

May 26, 2020 Sheet 1 of 8

US 10,661,085 B2

Betect Bvenis from Cardiac Signals
Sensed at Hectrodes of the IMD

¥

Analyze the VT Cycle Length fo Define an
Antl-Tachyoardia Pacing (ATP) Therapy
that includes a First Coupling Interval

¥

Manage Delivery of a First ATF Pulss that is
Spaced the First Coupling Interval After a
Refarence Refractory VT Bvent
Sensed at the Hsctrodes

54

— ;
TN

i

Manage Delivery of a Second ATP Pulse
Following the First ATF Pulse by a
Non-Stimulation Ssgment at least

Twice the VT Cycle Length

56
/"'\\\“/‘

¥

Disable Sensing for Depolarization Window,
Enable the Sensing Cireult, for a Sensing
Window, to Sense Cardiac Signals After

Termination of the Depolarization Interval and
defore Delivery of the Second ATP Pulse

)
L

e

2

Determine Whether VT Events are Sensed
During the Sensing Window, and if s, Utifize
a VT Cycle Length to Delermine g Delivery
Timing of a Second ATP Puisge

fﬂmmmgy
3 Repga—tq\)

Figure 1A



g1 omndig

o
~
w
g
_ IRy pUR Aduyngy) x\\sx\x\i:fifa
N sagng maiy ° A1¥ Faanag aposidy x\\sAXa @m@@&mubﬁmLMWJ;ffi;f:x
=3 T BB e8I I PIOUSRYL-GRE e
— aET VAT Y i sampnagg AT R
i ¥ M‘Uw:/.fil/: FO RIS \.\i\.\\
Gii-
i Awpag] Arepuooss 195 -
ez Sugdno g - -
5ISI0G # 105 - ot
Adwmaouy g 1w sure - CReasRILL =
HdivERea s 510 L O ey

- Aty 2 A wwwuys omenng
S
o
e TRAININL | A
= preyosfony wyenoner
2 o » DIOUESI L MO9S 5710 $11.] B0
@ e MU UIEREAS STy A JUNGT

74 RO~ S
- U0 PRSBE 20USII0Y
M ARy 154
54 sE7 BH0E JLILA
e Aok N Y TF0Y 9300
. ™
m et put I

UOOUS IIATEHT el ey spduragy
A e, J ooy Py
(4l . DAY BINSERY
/ﬂ\\ Pt 2
spozidy

T~ g owejesgy

N

BIaAT 1318

U.S. Patent

it



U.S. Patent

May 26, 2020 Sheet 3 of 8

US 10,661,085 B2

oy

e

1

£

\\\ -
T A

AR
Qs

A
Y
A o~
O
o
\vu“‘
R .

P

B —————

R
I P\
N

N

b

“terapr s

— o3
.»-»“““ \ .
3
\\\\“ R
AT
e
3
{
[ \
W
A N
™ H P
: "
AN
™ N
W

o

R
:; N
{
{
N N
! <
’0 > 3 =+
o ] *
™ \\ -3 ‘{’?‘d
‘ A:/ 9
\\\\““‘ o N
RN
\ )
A S N
\ ot
A
\ "
A NS
i i
\oj 5\3 .
: :‘ﬁ
o T .
P
$ LI,
S .
AR AR QRS
K\
{ ‘&\
X
N
\ \ s
3§ &
§ X =
d o b
R \‘\ o~

ARV Y
g

o
o
e

202
L
///'a,.

————R
T

etrr i

s &

TR -
AR RTINS
o

N

”

K
s i

L]

i
\ a;/
T \\\\\ s

R
Y

<

s



US 10,661,085 B2

Sheet 4 of 8

,2020

o

May 26

U.S. Patent

GET

herns

7
¥

¥

g7 2nsng

2l Bureusy ajgesi
* { A A e S A AL A ¥4 w
tHire < ﬁ SIS Y A= i T N ST i by j i
SA SA e A A ﬁmmwﬁﬁ‘ﬂ
507 porveingg poyselog] pmosiong pmoafoag | TT7 54 1887
- . rﬁqm - PET
L SW R sal 7Yy L SR
da dp da .
. ; atled
41V PRSNNS. A2 Z W Y d1Y
vl )xlm}m gyiz ¥¥iT. LT
RN T\k&/

E\\/\k -

)N



US 10,661,085 B2

Sheet 5 of 8

,2020

o

May 26

U.S. Patent

¢ amdg

.
moput sy Fususg o i I L
sjqeny pue A . Aelurony g oposidy e ) 4. ,f/i
_ \ 11V IDATISCT gig omponyy L TR H Adputog-qoy
wonezZIIe edoy] HEM e TR = . vr/;vi JO eI o
AT A A o7 T
Adureyy .,
ALY sULR AEQMW,&: Lmr =
|- l}[‘«& S0 LA PURGEH ﬁﬁﬁ
743 % mmf;v.l/ fi:ffmawﬁ %]
FEAISINT 1A 4\
poacforg oromsTy
PLE % SO g4 PUR ST LA WO
5 B0 QUTFE Y
PRsSEE S0UBIBIYY
Ayopeney 198 ylniony opng
(4454 o ALY UC posey 4 Fid A0 LA
M 3 14y dn oo WUy SARY
o !f,f,! 0T 43¢ s
ROOUG AL 5 yresy siduiony o~
e ALV IS8 \\\V o
0ce~ 8 ?ui/!/f/f e HOATY BINSHRLY
uw\ por %
sposly
S0 B4 SIBEIOLT
WIDAT JO8¢T g
ot



US 10,661,085 B2

Sheet 6 of 8

,2020

o

May 26

U.S. Patent

Vi omdng

£y £7Tp jﬁiﬁ
} ﬁ;;LJ, -
paseny | G 1eAlU] ey
! SOt BUIBUIG A ]
jodogy PUSE A Todsg 7T
w? SUE 0001 1 ?E 4
- £ - - 0TE
da
41%
LA
bC // N e POUSTIARIST
¥iY

Hylv Yiy



US 10,661,085 B2

Sheet 7 of 8

,2020

o

May 26

U.S. Patent

LRy

$ip ey

e S »
} S oswmgin PA
o, ] 18873
AR e e JRAFI »
todagg | S99 AnsURY A ooy GLy
CRE
TR VL W ST 0G SUETIT
) 44 - rap RS 2T 2
41y da
A1V
22T N
o e
R e, T LA
\j/ poYSIgIST
R AP 3 4 I
Wv .
\ g A\ g A
qysy arsy Gyy VieE



U.S. Patent

May 26, 2020

520

Processor{s)

Hardware

eS533

Sensing Circuit

o024

Power Source

Sheet 8 of 8

S04

US 10,661,085 B2

Memory

Parameters

Projected

VT Butter

VT CL

Depolarization

FiE Buffer

Interval

Secondary

Couphing
Interval

Delay




US 10,661,085 B2

1

ANTI-TACHYCARDIA PACING FOR LOW
POWER IMPLANTABLE MEDICAL
DEVICES

BACKGROUND

Embodiments of the present disclosure generally relate to
methods and devices for anti-tachycardia pacing, and more
particularly to delivery of anti-tachycardia pacing therapy by
a low-power implantable medical device (IMD).

Ventricular tachycardia may be controlled through elec-
trical therapy delivered by an implanted medical device,
such as a pacemaker, implantable cardioverter defibrillator
and the like. The device applies an electric stimulation to the
heart muscle to interrupt or disrupt the fast rhythm. The
electric stimulation may be in the form of timed pacemaker
pulses or by high voltage shock. Anti-tachycardia pacing
(ATP) has been used to convert a ventricular tachycardia
into a normal sinus rhythm. Tachycardia is often the result
of electrical feedback within the heart, wherein a natural
beat results in the feedback of an electrical stimulus which
prematurely triggers another beat. By interposing a stimu-
lated heartbeat (i.e., a pacing pulse), the stability of the
feedback loop is disrupted. For example, patients with
monomorphic ventricular tachycardia (MVT) may be suc-
cessfully paced out of the tachycardia using a rapid burst of
high rate pacing. The burst includes a selected number of
pulses that are delivered at the same rate, at an accelerating
rate, or an alternating accelerating/decelerating rate.

Traditionally, ATP is delivered in bursts, where each burst
includes a series of pulses. Several bursts may be given for
any tachycardia episode. Following detection or redetection
of a tachycardia, the first ATP pulse is delivered synchro-
nously with an intrinsic event while the remaining pulses are
delivered in a VOO mode.

Various approaches to ATP therapy have been utilized.
For example, conventional ATP bursts may be delivered in
accordance with one or more of ramping, scanning, adap-
tation, and/or a combination thereof. In convention ramped
ATP, the ATP bursts are delivered with the interval between
successive pulses shortened. In convention ATP scanning,
each burst, that is used to treat a tachyarrhythmia event, may
be delivered by progressively shortening the cycle length.
When the burst cycle length is adjusting based on the
intrinsic cycle length, the adjustment in the ATP therapy is
called an adaptation. Typically ATP pulses have an ampli-
tude of 7.5 V to 9.0V and have a pulse width of 1.0 to 1.5
ms. The pulses are delivered at intervals ranging from 200
to 550 milliseconds to provide 1.8 to 5 pulses per seconds.

However, conventional ATP therapies experience disad-
vantages when implemented by IMDs that utilize a low
power source. For example, leadless pacemakers and other
low power IMDs utilize batteries that are physically very
small and exhibit a low initial charge. The leadless pace-
makers and other low power IMDs experience a challenge to
provide sustained voltages in excess of 6 V for a longer pulse
widths (e.g., 0.4 ms) at a high pulse rate (e.g., 160 ppm or
spaced at about 375 ms intervals). Instead, during delivery
of conventional ATP therapy, the leadless pacemaker expe-
riences a significant voltage drop when delivering ATP. As
one example, if a leadless pacemaker utilized a battery that
exhibits 1K ohms source impedance at some point in the life
of the battery, the leadless pacemaker would experience
approximately a 6% drop in pacing voltage (across the
electrodes) when delivering a pacing pulse programmed to
6V amplitude with a pulse width of 1.5 ms when delivering
about 4 ATP pulses per second. Furthermore, if a 9 volt
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2
pacing pulse is programmed, a 10% drop in pacing ampli-
tude would be expected. The drop in pacing voltage will be
greater as the source impedance of the battery increases and
battery source impedances for small batteries will increase
well above 1 k over the battery’s service life.

A need remains for an improved ATP therapy that does not
require high rate pacing pulses to provide effective ATP and
that affords an ATP therapy that is compatible with leadless
pacemakers and other low power IMDs.

SUMMARY

In accordance with embodiments herein, a computer
implemented method is provided for managing anti-tachy-
cardia pacing therapy delivered by an implantable medical
device (IMD). The method comprises detecting events from
cardiac signals sensed at electrodes of the IMD, the cardiac
signals representative of a ventricular tachycardia (VT)
episode that includes at least a select number of VT events
having a corresponding VT cycle length. The method further
utilizes one or more processors for analyzing the VT cycle
length to define an anti-tachycardia pacing (ATP) therapy
that includes a first coupling interval; delivering a first ATP
pulse that is spaced the first coupling interval after a refer-
ence refractory VT event sensed at the electrodes; and
delivering a second ATP pulse following the first ATP pulse
by a non-stimulation segment that is at least one and
three-quarters (1.75) times a projected VT cycle length.

Optionally, the method may analyze the VT cycle length
to determine a secondary delay that is at least twice the VT
cycle length and determining a length of the non-stimulation
segment based on the secondary delay, such that the non-
stimulation segment is at least twice the projected VT cycle
length. Optionally, the secondary delay may correspond to a
time interval that equals the coupling interval combined with
a number N of a projected VT cycle length. Optionally, the
number N is two or greater. Optionally, the method further
utilizes a power source, in a low charge state, to maintain
charge on a charge delivery circuit of the IMD for the ATP
therapy, the low-charge state corresponding to the power
source having a source impedance equal to or greater than
2000 ohms.

Optionally, the ATP therapy includes at least three ATP
pulses having an amplitude of at least 6 V and a pulse width
of at least 0.4 ms. Optionally, the first coupling interval may
be set to time the first ATP pulse to occur during a non-
refractory state of tissue proximate to the electrodes of the
IMD. Optionally, the method further comprises disabling the
sensing circuit for a depolarization interval following deliv-
ery of the first ATP pulse, and enabling the sensing circuit to
sense cardiac signals after termination of the depolarization
interval and before delivery of the second ATP pulse.
Optionally, the method may include determining an ending
point of the non-stimulation segment based on a second
coupling interval related to a VT cycle length of at least two
VT events that occur after delivery of the first ATP pulse.

In accordance with the embodiments herein, an implant-
able medical device is provided. The IMD comprises a
housing coupled to electrodes; an power source within the
housing; memory, within the housing, to store storing pro-
gram instructions; a sensing circuit to sense cardiac signals
from the electrodes, the cardiac signals representative of a
ventricular tachycardia (VT) episode that includes at least a
select number of VT events having corresponding VT cycle
lengths; and one or more processors within the housing.
Responsive to execution of the program instructions, the one
or more processors: analyze the VT cycle length to define an
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anti-tachycardia pacing (ATP) therapy that includes a first
coupling interval; deliver a first ATP pulse that is spaced the
coupling interval after a reference refractory VT event
sensed at the electrodes; and deliver a second ATP pulse
following the first ATP pulse by a non-stimulation segment
that is at least one and three-quarters (1.75) times a projected
VT cycle length.

Optionally, the power source includes one or more bat-
teries having terminals connected to a charge storage circuit,
the power source exhibiting a power state in which a source
impedance, across the terminals of the power source, is
equal to or greater than 2000 ohms when the power source
is connected to a charge storage circuit. Optionally, the
implantable medical device may be a leadless pacemaker
with the electrodes provided on or as part of the housing.

Optionally, the one or more processors may be configured
to analyze the VT cycle length to determine the projected VT
cycle length and to determine a secondary delay that is at
least twice the projected VT cycle length and determine a
length of the non-stimulation segment based on the second-
ary delay. The secondary delay may correspond to a time
interval that equals the coupling interval combined with a
number N of the projected VT cycle length. The first
coupling interval may be a percentage of the projected VT
cycle length.

Optionally, the one or more processors are configured to
define the ATP therapy to include at least three ATP pulses
having an amplitude of at least 6 V and a pulse width of at
least 0.4 ms. The one or more processors may be configured
to set the first coupling interval to time the first ATP pulse
to occur during a non-refractory state of tissue proximate to
the electrodes of the IMD.

Optionally, the sensing circuit is disabled for a depolar-
ization interval following delivery of the first ATP pulse and,
after termination of the depolarization interval, the sensing
circuit is enabled to sense cardiac signals, between the first
and second ATP pulses. Optionally, the one or more proces-
sors are configured to time delivery of a second ATP pulse,
such that at least two projected VT cycles occur before
delivering the second ATP pulse. Optionally, the one or more
processors are configured to time delivery of the second ATP
pulse based on at least two VT events sensed after termi-
nation of the depolarization interval. Optionally, the device
may determine a length of the non-stimulation segment
based on a second coupling interval related to a VT cycle
length of the at least two VT events sensed after termination
of the depolarization interval.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1A illustrates a process implemented in accordance
with embodiments herein for managing anti-tachycardia
pacing therapy delivered by an implantable medical device.

FIG. 1B illustrates a flowchart implementing a method for
performing anti-tachycardia pacing according to an embodi-
ment herein.

FIG. 2A illustrates a timing diagram related to sensing
cardiac signals and delivering an ATP therapy in accordance
with embodiments herein.

FIG. 2B illustrates the segment of projected VT events in
more detail in connection with ATP therapy delivered in
accordance with embodiments herein.

FIG. 3 illustrates a flowchart implementing a method for
performing anti-tachycardia pacing according to an embodi-
ment herein.
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FIG. 4A illustrates a series of cardiac events from one
type of physiologic response to ATP that occur during
delivery of an ATP therapy in accordance with the embodi-
ment of FIG. 3.

FIG. 4B illustrates a series of cardiac events from another
physiologic response to ATP that occur during delivery of an
ATP therapy in accordance with the embodiment of FIG. 3.

FIG. 5§ illustrate an IMD formed in accordance with
embodiments herein.

DETAILED DESCRIPTION

It will be readily understood that the components of the
embodiments as generally described and illustrated in the
figures herein, may be arranged and designed in a wide
variety of different configurations in addition to the
described example embodiments. Thus, the following more
detailed description of the example embodiments, as repre-
sented in the figures, is not intended to limit the scope of the
embodiments, as claimed, but is merely representative of
example embodiments.

Reference throughout this specification to “one embodi-
ment” or “an embodiment” (or the like) means that a
particular feature, structure, or characteristic described in
connection with the embodiment is included in at least one
embodiment. Thus, appearances of the phrases “in one
embodiment” or “in an embodiment” or the like in various
places throughout this specification are not necessarily all
referring to the same embodiment.

Furthermore, the described features, structures, or char-
acteristics may be combined in any suitable manner in one
or more embodiments. In the following description, numet-
ous specific details are provided to give a thorough under-
standing of embodiments. One skilled in the relevant art will
recognize, however, that the various embodiments can be
practiced without one or more of the specific details, or with
other methods, components, materials, etc. In other
instances, well-known structures, materials, or operations
are not shown or described in detail to avoid obfuscation.
The following description is intended only by way of
example, and simply illustrates certain example embodi-
ments.

The methods described herein may employ structures or
aspects of various embodiments (e.g., systems and/or meth-
ods) discussed herein. In various embodiments, certain
operations may be omitted or added, certain operations may
be combined, certain operations may be performed simul-
taneously, certain operations may be performed concur-
rently, certain operations may be split into multiple opera-
tions, certain operations may be performed in a different
order, or certain operations or series of operations may be
re-performed in an iterative fashion. It should be noted that,
other methods may be used, in accordance with an embodi-
ment herein. Further, wherein indicated, the methods may be
fully or partially implemented by one or more processors of
one or more devices or systems.

While the operations of some methods may be described
as performed by the processor(s) of one device, additionally,
some or all of such operations may be performed by the
processor(s) of another device described herein. For
example, the methods may be implemented by one or more
processors of an IMD, executing program instructions stored
in memory of the IMD. Additionally or alternatively, the
methods may be implemented by one or more processors of
an external device, executing program instructions stored in
memory of the external device. Additionally or alternatively,
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the methods may be distributed between processors of an
IMD and one or more external devices.

In accordance with embodiments herein, methods and
systems are provided that utilize an ATP therapy having
fewer pulses than conventional ATP therapies, while still
maintaining efficacy. As one example, the efficacy is main-
tained by coupling the first ATP pulse to a ventricular sensed
event and providing secondary ATP pulses having a pulse to
pulse spacing according to a spread-pattern that is at least 2
times wider than a projected VT cycle length. In many
instances, the ATP therapies herein will have a pulse to pulse
interval that is at least two times a conventional ATP therapy
pulse to pulse interval. Once the pulses are spaced apart by
the spread-pattern, remaining parameters of the timing of the
pulses can be established using adaptive, ramp, and/or
scanning methods. As one example, the spread-pattern effec-
tively delivers every other pulse, as compared to a conven-
tional ATP therapy.

Additionally, in accordance with embodimerts herein, the
ATP therapy utilizes a non-marker first ATP pulse. The ATP
therapy removes the conventional marker pulse which is
previously given synchronously with intrinsic detection. The
conventional marker pulse has no therapeutic impact as the
conventional marker pulse is delivered, when the cardiac
tissue is refractory. In accordance with embodiments herein,
the ATP therapy times a first ATP pulse to be coupled to a last
ventricular sensed event such that the first ATP pulse occurs
while the tissue is in a non-refractory state, followed by
secondary pulses. The ATP therapy is delivered with a first
ATP pulse coupled to the last sensed ventricular event
wherein the coupling interval has a programmable relation
to a projected VT cycle length or has an adaptive interval.
For example, the IMD delivers the first ATP pulse following
a coupling interval that is a percentage of a last measured VT
cycle length, e.g. 85%.

Optionally, embodiments herein may perform sensing
between at least a portion of the ATP pulses. For example,
the IMD may resume sensing at a predetermined time (e.g.,
a depolarization interval) after delivering the first ATP pulse.
Optionally, before delivering secondary ATP pulses, the
IMD senses for intrinsic events (e.g., two or more events).
If the intrinsic events are separated by an interval that is
normal, the IMD need not deliver any additional ATP pulses.
However, if the intrinsic events are separated by an interval
within a tachycardia range, then the IMD delivers another
ATP pulse coupled to a sensed ventricular event. Optionally,
the ATP coupling interval may be scanned by decreasing the
coupling interval with each ATP attempt to increase a
probability of pacing while the tissue is in an excitable state
(e.g., not refractory). As one example, the IMD may resume
sensing within a depolarization interval of about 100 ms
following an ATP pulse, depending on post pacing polar-
ization and sensitivity of the electrodes. Optionally, the IMD
may be configured to deliver two or more ATP pulses before
opening a sensing window to sense events.

The discussion herein refers, in part, to determination,
analysis and other operations that are performed in connec-
tion with event cycle lengths. However, it is understood that
the operations described in connection with cycle length
more generally relate to the events of interest within cardiac
cycles. For example, the cardiac events may represent
fibrillation events, ventricular tachycardia events or normal-
physiologic events. As one example, when an operation in a
flowchart is described in connection with determining a
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6

cycle length, additionally or alternatively, the operation may
involve determining a corresponding event of interest.

Terms

The term “episode” is used to refer to a series of cardiac
events that collectively correspond to a physiologic or
non-physiologic behavior. For example, a series of cardiac
events may include a sufficient number of ventricular tachy-
cardia events to collectively indicate a ventricular tachycar-
dia episode. As another example, a series of cardiac events
may include a sufficient number of fibrillation events to
collectively indicate a fibrillation episode.

The term “power source” refers to one or more batteries
connected in series or parallel. The batteries may be
rechargeable or non-rechargeable.

The term “low-charge” refers to a present state of a power
source within a leadless or lead-based IMD at any point
throughout the operational life of the IMD. The low-charge
state of a power source is not only determined when the
power source is new. Instead, power sources discharge
power over the life of the power source during use. Conse-
quently, a power source that is fully charged may not
initially represent a low-charge, power source, but over time
becomes a low-charge power source after a certain amount
of discharge. The term “low-charge” power source includes
both 1) new power sources that are fully charged, but exhibit
low-charge and ii) used power sources that are in a partially
discharged state and exhibit low-charge. The power state of
a power source is indicated by the source impedance mea-
sured across the terminals of the power source when
exposed to the load of the charge storage circuit within the
IMD.

As used herein, a power source is in a “low-charge” state
when the power source exhibits a source impedance, across
the terminals of the power source, equal to or greater than
2000 ohms when the power source is connected to a load of
the charge storage circuit within the IMD. Due in part to the
small size, the power source in a leadless pacemaker, when
relatively new, exhibits limited charge storage and a corre-
sponding source impedance that is equal to or greater than
2000 ohms. The term “low-charge” power source also refers
to power sources within lead-based IMDs where the power
source has reached a charge storage state that corresponds to
a source impedance equal to or greater than 2000 ohms, at
the output terminals of the power source. For example, in a
lead based pacemaker, the batteries when new will exhibit
greater charge storage and a corresponding low source
impedance below 2000 ohms. Over the life of the lead based
pacemaker, the batteries experience discharge of the charge
storage. As the batteries are depleted, the remaining charge
storage decreases and the source impedance increases. At
some intermediate or late point in the life of the batteries in
the lead based pacemaker, the batteries will exhibit a source
impedance of 2000 ohms or greater.

The term “ATP therapy” refers to a therapy that is defined
to comprise multiple (at least two) ATP pulses that are
separated by a non-stimulation segment that is a number N
of a projected VT cycle length, where N is any rational
number of at least one and three-quarters (1.75). For
example, the non-=stimulation segment may be 1.75 times
the projected VT cycle length, 1.85 times the projected VT
cycle length, 1.95 times the projected VT cycle length, twice
the projected VT cycle length, or any other rational number
N times the projected VT cycle length. The ATP therapy
includes at least first and second ATP pulses, where at least
two projected VT cycles occur before delivering the second
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ATP pulse. However, as explained herein, in embodiments
utilizing sensing during the non-stimulation segments, the
second and later ATP pulses may not be delivered, when a
sensing circuit determines that the second ATP pulse is not
warranted or an alternative to therapy is needed. The length
of the non-stimulation segment, while being at least one and
three-quarters (1.75) times a projected VT cycle length, may
be determined in at least two different manners. For
example, the length of the non-stimulation segment may be
defined to correspond to a secondary delay that combines the
coupling interval with a number N of a projected VT cycle
length. Alternatively, the length of the non-stimulation seg-
ment may be defined based on events sensed by the sensing
circuit following the first ATP pulse. For example, following
the first ATP pulse (and a depolarization interval) the sensing
circuit may detect additional VT events, from which a new
VT cycle length (e.g. new projected VT cycle length) is
determined. The one or more processors time delivery of the
second ATP pulse to follow the second or later additional VT
event by a second coupling interval. In this alternative
“sensing based” ATP therapy, the second ATP pulse is
delivered after the first ATP pulse with at least two inter-
vening VT events.

Non-limiting examples of parameters for the pulses
within an ATP therapy include at least three ATP pulses
having an amplitude of at least 6 V and a pulse width of at
least 0.4 ms. additionally or alternatively, the ATP pulses
may have an amplitude of approximately 9.0 V and a pulse
width of 1.0 to 1.5 ms.

ATP Process

FIG. 1A illustrates a process implemented in accordance
with embodiments herein for managing anti-tachycardia
pacing therapy delivered by an implantable medical device.
At 50, one or more processors of the IMD and/or sensing
circuit detect events from cardiac signals sensed at elec-
trodes of the IMD. The cardiac signals representative of a
ventricular tachycardia (VT) episode that includes at least a
select number of VT events having a corresponding VT
cycle length. At 52, the one or more processors of the IMD
analyze the VT cycle length to define an anti-tachycardia
pacing (ATP) therapy that includes a first coupling interval.
At 54, the one or more processors of the IMD manage
delivery of a first ATP pulse that is spaced the first coupling
interval after a reference refractory VT event sensed at the
electrodes. At 56, the one or more processors of the IMD
manage delivering of a second ATP pulse following the first
ATP pulse by a non-stimulation segment that is at least one
and three-quarters (1.75) times the VT cycle length. As
explained here, the non-stimulation segment may be set to
correspond to a number N of a projected VT cycle length,
where N is any rational number of at least one and three-
quarters (1.75). For example, the non-=stimulation segment
may be 1.75 times the projected VT cycle length, 1.85 times
the projected VT cycle length, 1.95 times the projected VT
cycle length, twice the projected VT cycle length, or any
other rational number N times the projected VT cycle length.
The ATP therapy includes at least first and second ATP
pulses. However, as explained herein, in embodiments uti-
lizing sensing during the non-stimulation segments, the
second and later ATP pulses may not be delivered, when a
sensing circuit determines that the second ATP pulse is not
warranted or an alternative to therapy is needed. Thereafter,
in accordance with embodiments herein, flow branches to
repeat the operations at 50-56.

Optionally, flow may continue from 56 to 60, in accor-
dance with embodiments that perform sensing during the
non-stimulation segment. At 60, the one or more processors
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disable the sensing circuit for a depolarization interval
following delivery of the first ATP pulse. After the depolar-
ization interval, the one or more processors enable the
sensing circuit, for a sensing window, to sense cardiac
signals after termination of the depolarization interval and
before delivery of the second ATP pulse. At 62, the one or
more processors determine whether VT events are sensed
during the sensing window, and if so, utilize a VT cycle
length related thereto in connection with determining a
delivery timing of a second ATP pulse in the ATP therapy.
For example, an ending point of the non-stimulation seg-
ment may be set based on a second coupling interval related
to a VT cycle length of at least two VT events that occur
after delivery of the first ATP pulse.

Optionally, the first coupling interval is set to time the first
ATP pulse to occur during a non-refractory state of tissue
proximate to the electrodes of the IMD.

In accordance with embodiments herein, the ATP therapy
may be defined in part by analyzing the VT cycle length to
determine a secondary delay that is at least twice the VT
cycle length and determining a length of the non-stimulation
segment based on the secondary delay. For example, the
secondary delay corresponds to a time interval that equals
the coupling interval combined with a number N of a
projected VT cycle length, where the number N is two or
greater. In accordance with embodiments herein, the ATP
therapy is defined to enable a power source, in a low charge
state, to maintain charge on a charge delivery circuit of the
IMD for the ATP therapy, the low-charge state correspond-
ing to the power source having a source impedance equal to
or greater than 2000 ohms.

FIG. 1B illustrates a flowchart implementing a method for
performing anti-tachycardia pacing according to an embodi-
ment herein. FIG. 1B may represent a more detailed imple-
mentation of the method of FIG. 1A. The IMD senses
cardiac signals at one or more combinations of electrodes
provided on or coupled to the IMD. The cardiac signals are
continuously or periodically processed by a sensing circuit,
one or more processors within the IMD and/or one or more
processors within an external device. In accordance with
embodiments herein, the method of FIG. 1B may be imple-
mented in response to a determination by an IMD that a
patient is experiencing some type of arrhythmia involving an
elevated heart rate, such as ventricular tachycardia or fibril-
lation. Optionally, the method of FIG. 1B may be imple-
mented by the IMD based on other criteria, without first
determining whether an arrhythmia exists.

At 102, the sensing circuit detects one or more events
from cardiac signals sensed at electrodes of the IMD. The
cardiac signals are representative of cardiac activity occur-
ring in at least one chamber of the heart. For example, the
sensing circuit may detect a peak of an R-wave, a peak of a
T-wave, a QRS complex or other characteristic of interest
within the morphology of the cardiac signal.

At 104, one or more processors of the IMD (and/or
external device) measure a cycle length between the most
recent event detected at 102 and a prior event detected and
saved. The cycle length corresponds to an inter-event inter-
val or event to event interval. For example, the IMD may
include an interval timer that is reset each time an event is
detected at 102. At 104, the one or more processors identify
the current value of the interval timer, as an indication of the
interval (cycle length) between the current event and the
most recent prior event. The event timer is then reset and
restarted. Optionally, alternative techniques may be utilized
to measure the cycle length.
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At 106, the one or more processors determine whether the
cycle length corresponds to a ventricular tachycardia (VT)
event or a fibrillation (FIB) event and saves the CL in a
corresponding VT or FIB buffer memory. For example, the
cycle length may be compared to a lower VT threshold
and/or a FIB threshold. The processors store CLs, that are in
a VT range, in a VT buffer memory and store CLs, that are
in a FIB range, in a FIB buffer memory. The buffer memories
may represent circular buffers in which each cycle length is
stored and read out in a first-in first-out manner. The circular
buffers may have a length that is defined based on a number
of VI/FIB events of interest. The circular buffers store a
predetermined number of successive cycle lengths to be
utilized as described hereafter in connection with identifying
VT episodes and FIB episodes.

It is recognized that one or more CL over a series of
cardiac cycles may have a normal physiology length.
Optionally, when the CL is normal (e.g., above the VI/FIB
thresholds), the processors may account for the cardiac cycle
in various manners. For example, when the CL is normal, the
CL may be stored in both of the VT and FIB buffers, in order
to track the normal CL and the point in the series of cardiac
cycles where the normal CL occurred. Alternatively, the CL
may not be stored in either of the VI/FIB buffers. Instead,
the CL may be stored in a different memory and/or a counter
maybe incremented to count the number of normal CL since
the VT and/or FIB buffers were reset. Optionally, the counter
may track the total number of cardiac cycles that have been
analyzed since the VT and/or FIB buffers were reset.

Optionally the operations at 102-106 may be performed at
one point in time for a collection of events detected over
multiple cardiac cycles.

At 108, the one or more processors count the number of
cycle lengths stored in the VT buffer memory that fall within
predetermined limits (or exceed an upper limit). For
example, the processors may count the number of VT cycle
lengths, from the series of VT cycle lengths stored in the
buffer memory, that are between upper and lower VT limits.
The VT limits may define upper and lower limits for an
interval between successive cardiac events associated with
ventricular tachycardia. As one nonlimiting example, the
lower VT limit may be 240 ms, while the upper VT limit
may be 360 ms. By way of example, the processors may
determine a count of a number of VT cycle lengths X - out
of a set of VT cycle lengths Y, that fall within the range
between the upper and lower limits.

It is recognized that the VT buffer memory may store VT
cycle lengths that do not fall within the limits. Instead, some
VT events may not be considered the type of VT event that
warrants ATP therapy. At 108, the processors count the
number of VT cycle lengths that warrant ATP therapy. The
limits are applied at 108 in connection with embodiments in
which a particular range of VT events are of interest, while
VT events outside of the limits may not warrant ATP therapy
(e.g., having longer or slower cycle lengths). Optionally,
when every VT event is of interest, the limits may not be
utilized at 108, but instead, at 108 the one or more proces-
sors may count the number of total VT events that occur over
a number of cardiac cycles.

In addition, the processors count the number of cycle
lengths stored in the FIB buffer memory that fall below an
upper limit. For example, the processors may count the
number of FIB cycle lengths, from the series of FIB cycle
lengths stored in the buffer memory, that is less than or equal
to 320 ms. The processors determine a count of a number of
FIB cycle lengths XX, out of a set of FIB cycle lengths
YY ;5 that are below the upper FIB limit. It is recognized
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that the VT and FIB limits may be programmed to different
levels and modified automatically by the IMD throughout
operation, such as based upon feedback during operation or
from the patient.

At 110, the one or more processors determine a ratio or
percentage of the VT cycle lengths, within the VT limits, out
of the total number of VT cycle lengths. The processors
determine whether the ratio or percentage equals or is
greater than a VT threshold (e.g., X,,/Y,,=0.875). When
the ratio or percentage of the VT cycle lengths (within the
upper and lower VT limits) out of the total number of VT
cycle lengths exceeds the threshold, flow moves to 112.
Otherwise, flow continues to 114.

At 114, the one or more processors determine whether a
ratio or percentage of the FIB cycle lengths, below FIB
limits, equals or is greater than a FIB threshold (e.g,
XX/ YY £1520.75). When the ratio or percentage of the
FIB cycle lengths (above the FIB limit) out of the total
number of FIB cycle lengths exceeds the threshold, flow
moves to 116. Otherwise, the processors determined that no
fibrillation therapy or anti-tachycardia pacing therapy is
warranted and flow returns to 102.

At 116, the one or more processors declare the patient to
be experiencing a fibrillation episode and the IMD delivers
a fibrillation shock therapy (e.g., a defibrillation shocks).
Thereafter, the processors may reset the buffers, counters
and other aspects, begin sensing new cardiac events and
restart event detection at 102. Alternatively, the process of
FIG. 1B may terminate.

Returning to 110, when flow moves to 112, the one or
more processors declare the patient to be experiencing a
ventricular tachycardia episode and flow continues to 118.
At 118, the one or more processors compare a number of
past ATP therapy attempts that have been performed by the
IMD with a limit. For example, a count of ATP therapy
attempts may be maintained indefinitely or for predeter-
mined periods of time. When the number of ATP attempts
reaches a limit, the processors determined that no more ATP
attempts should be performed (at least in connection with
the current tachycardia episode) and thus flow moves to 120.
At 120, the IMD delivers a programmed shock (e.g., defi-
brillation shock). Optionally, the IMD may be programmed
to deliver various types of therapy at 120, or to cease
attempting to deliver any type of therapy.

Returning to 118, when the IMD has performed fewer
than the maximum number of ATP attempts, flow moves to
122. At 122, the one or more processors identify a time at
which the last ventricular event (detected at 102) was sensed
VS. The processors set a refractory reference based on the
last ventricular sensed event V8. The refractory reference is
used in connection with ATP therapy. As explained herein,
the ATP therapy is timed to have initial and subsequent
pulses delivered relative to the refractory reference set at
122. The first pulse of the ATP therapy is offset from the
refractory reference by a coupling interval, such as a pro-
grammed percentage of the VT cycle length.

At 124, the one or more processors estimate a projected
VT interval, at which future VT events will occur unless or
until a tachycardia episode is terminated. For example, the
estimate of the projected VT cycle length may be based on
(or equal) a mode, average or other statistical relation of the
prior measured VT cycle lengths. For example, the IMD
may measure and save 5-9 VT cycle lengths at 104-106. At
124, the 5-9 VT cycle lengths are utilized as a basis for the
projected VT cycle length.

At 126, the one or more processors define an ATP therapy
based on VT event related information collected. For
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example, the VT event related information includes the
refractory reference of the last ventricular sense VS event
determined at 122. The VT event related information also
includes the projected VT cycle length estimated at 124. The
VT event related information also includes a number of ATP
pulses to be delivered during the ATP therapy. The ATP pulse
cycle length is determined based on the projected VT cycle
length. For example, the ATP pulse cycle length may be
defined as a percentage of the projected VT cycle length.
The ATP therapy may be defined based on various param-
eters, such as the number of ATP pulses per attempt, the
coupling interval and the like.

At 128, the one or more processors manage delivery of the
ATP therapy defined at 126. Among other things, the first
ATP pulse of the ATP therapy is delayed for the coupling
interval relative to the last ventricular sensed VS event. A
second and subsequent pulses of the ATP therapy are staged
a secondary delay following the first ATP pulse. The sec-
ondary delay is set such that the second pulse is space to
follow the first ATP pulse by a time period sufficiently long
to permit at least two projected VT events to occur between
the first and secondary pulses, and between subsequent
secondary pulses. For example, the secondary delay may
space the secondary pulse to follow the first ATP pulse by at
least 1.75, 1.85, 1.95, or 2 times, or another number N times
the projected VT cycle length. The third and any other
subsequent pulses within the ATP therapy may be spaced to
follow a preceding ATP pulse by the same secondary delay.
By using a common secondary delay that is at least twice as
long as the projected VT cycle length, embodiments herein
afford a spacing between successive ATP pulses that allows
the power source to recover from a depleted condition
following the first ATP pulse.

Additionally or alternatively, the spacing between the
second and third pulses may be adjusted to add an additional
incremental delay to the secondary delay to shift delivery of
the next ATP pulse relative to the last VT event. Similarly,
the spacing between the third and fourth pulses, etc., may be
adjusted to add an additional incremental delay to the
secondary delay. By adding an additional incremental delay
to one or more of the secondary delays, the corresponding
subsequent ATP pulse is delivered at a different point in time
relative to the refractory time period following the most
recent preceding projected VT event.

Optionally, the ATP therapy may be delivered a preset
number of times at 128. Alternatively, the ATP therapy may
be delivered one or more times, with an intervening sensing
operation (as described in connection with FIG. 3) to deter-
mine whether the tachycardia has been terminated. In the
event the tachycardia is not terminated, the ATP therapy may
be repeated at 128.

At 130, the processor clears and resets the various coun-
ters and buffers related to the most recent tachycardia
episode and flow returns to the start at 102.

The operations of FIG. 1B may be repeated multiple
times, as separate ATP therapy attempts, in the event that an
ATP therapy is not initially successful in terminating a
tachyarrhythmia. During each iteration of the operations of
FIG. 1, one or more parameters may be adjusted, such as
based upon the number of the present ATP attempt. For
example, an initial ATP attempt may utilize a first set of
parameters during the determinations of FIG. 1, while
second, third and/or fourth attempts may utilize different
parameter sets.

FIG. 2A illustrates a timing diagram related to sensing
cardiac signals and delivering an ATP therapy in accordance
with embodiments herein. In FIG. 2A, a segment of cardiac
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signals 202 is sensed by the electrodes of an IMD. The
segment of cardiac signals 202 correspond to VT events 204
that intrinsically occur within the patient’s heart. In the
example of FIG. 2A, all of the events within the segment of
cardiac signals 202 are illustrated to represent ventricular
tachycardia events. It is recognized that not every event may
have the same cycle length and not every event may be
classified as a VT event. Instead, some of the events may be
classified as fibrillation events or physiologic/rhythmic
events (occurring at a normal interval).

In the example of FIG. 2A, all of the VT events 204 are
shown to be separated by VT cycle lengths 206 that appear
generally similar in length. However, it is understood that
the VT cycle lengths 206 may differ at least slightly from
one another. The VT cycle length 206 may vary over the
course of a VT episode. As explained in connection with
FIG. 1, the sensing circuit of the IMD detects the VT events
204, and the processors measure the VT cycle lengths 206.
The processors store the VT cycle lengths 206 in a buffer
memory (at 106) and compare a series of preceding VT
events to limits (at 108). The processors determine a relation
between the number of events that fall within the VT limits
and the total number of events that were detected. The
processors determine the ratio/percentage of VT events out
of the total number of events for the period of time corre-
sponding to the buffer memory. When the threshold is
exceeded, the processors of the IMD determine that the
patient is experiencing a ventricular tachycardia and ATP
therapy is delivered in connection with the operations of
112-130.

FIG. 2A also illustrates a segment 212 of projected VT
events 214. The projected VT events 214 are separated by a
projected VT cycle length 216. The projected VT events 214
and projected VT cycle length 216 are not directly measured
by the IMD, but instead are estimated based on information
collected in connection with the preceding VT events 204
and VT cycle lengths 206 (as explained in connection with
the operations at 112-130 in FIG. 1).

FIG. 2B illustrates the segment 212 of projected VT
events 214 in more detail in connection with ATP therapy
delivered in accordance with embodiments herein. In FIG.
2B, the first event represents a refractory reference 220
(designated at 122). The refractory reference 220 corre-
sponds to the last sensed VT event 204, although it is
understood that the refractory reference 220 may be set at
another point in time relative to, but not contemporaneous
with, the last sensed VT event. The last sensed VT event 204
is followed by a series of projected VT events 214 that are
individually identified at 214A-214D. The projected VT
events 214A-214D are also designated as “Projected VS,
and are estimated to have a common VT cycle length 216.
Optionally, the projected VT events 214A-214D may be
estimated to be spaced apart by different VT cycle lengths in
accordance with pre-defined criteria.

FIG. 2B also illustrates an ATP therapy 230, temporally
aligned with the projected VT events 214A-214D. The ATP
therapy 230 is noted by a series of vertical bars correspond-
ing to the points at which ATP pulses 232, 234, 236 are
delivered. The ATP therapy 230 is defined at 126 in FIG. 1B
and delivered at 128. The ATP therapy 230 is programmed
to include a first ATP pulse 232 followed by two secondary
ATP pulses 234, 236. Optionally, the therapy 230 may
include more or fewer secondary ATP pulses 234, 236. The
first and second ATP pulses 232, 234 are separated by a
non-stimulation segment in which no stimulation pulses are
delivered. In addition, the second and third ATP pulses 234,
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236 are separated by a non-stimulation segment in which no
stimulation pulses are delivered.

When the ATP therapy 230 is delivered, a first ATP pulse
232 is delivered at a time spaced apart by a coupling interval
222 following the last ventricular sensed event 204 (also
designated as VS). In the example of FIG. 2B, the sensed VT
events 204 occur after VT cycle lengths between 220 and
300 ms. In the example of FIG. 2B, the projected VT cycle
length was determined to be 250 ms. Based on a projected
VT cycle length of 250 ms, the coupling interval 222 was
defined to be a percentage of the projected VT cycle length
(e.g., 85% or 212 ms).

The secondary pulse 234 was staged to follow the first
ATP pulse 232 after a secondary delay 238. The first and
second ATP pulses 232 and 234 separated by a non-stimu-
lation segment in which no stimulation pulses are delivered.
The secondary delay 238 is defined with respect to the
refractory reference 220 and is set such that the secondary
ATP pulse 234 is space to follow the first ATP pulse 232 by
a time period sufficiently long to permit at least two pro-
jected VT events 214A, 214B to occur between the first and
second ATP pulses 232, 234. For example, the secondary
delay 238 may equal the coupling interval 222 combined
with at least twice the projected VT cycle length 216.
Accordingly, when the projected VT cycle length 216 is 250
ms, the secondary delay is set to 712 ms (212+2x250 ms).
The third and any other subsequent pulses within the ATP
therapy may be spaced to follow a preceding ATP pulse by
the same multiple of the projected VT cycle length. For
example, the secondary pulse 236 may be delivered after a
secondary delay 240 which equals the coupling interval 222
combined with at least four times the projected VT cycle
length 216 (e.g., 212+4x250 ms). Optionally, when addi-
tional secondary pulses are utilized, the secondary delay
may be extended by a number N of the projected VT cycle
length, where the number N may be an integer or a non-
integer and is two or greater. For example, the secondary
delay may be set to be the coupling interval 1) plus 2 times
the VT cycle length, ii) plus 2.5 times the VT cycle length,
1i1) plus 2.75 times the VT cycle length, and the like.

While the secondary delay 240 is set to correspond to a
value that combines the coupling interval and a multiple of
the VT cycle length, indirectly, the secondary delay 240 is
defined to allow an amount of time for a charge source to
restore a charge on a charge delivery circuit of the IMD. The
charge delivery circuit may represent one or more charging
capacitors and/or may represent the battery supply. For
example, leadless pacemakers and other low power IMDs
utilize batteries that are physically very small and exhibit a
low initial charge. By defining the secondary delay in the
manner described herein, embodiments avoid the challenges
experience by conventional leadless pacemakers and other
low power IMDs in connection with providing provide
sustained voltages in excess of 6 V for longer pulse widths
(e.g., 0.4 ms) at a high pulse rate (e.g., 160 ppm or spaced
at about 375 ms intervals). Instead, during delivery of ATP
therapy in accordance with embodiments herein, the leadless
pacemakers and other low energy devices are afforded a
recovery interval, during the secondary delay, to recover
from a voltage drop (e.g., down to about 3 volts across the
electrodes) back to a substantially full voltage potential
(e.g., in excess of 6 volts across the electrodes).

Optionally, the timing for the secondary pulses 234, 236
may be shifted forward or backward in time by an additional
incremental delay 242, 244. The increase/decrease by the
incremental delay 242, 244 may be managed to move the
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secondary pulse 236 away from a tissue refractory state
following the immediately preceding projected VT event
214D.

In the example of FIG. 2B, the VT events 214A-214D are
characterized as “projected” as the sensing circuit of the
IMD is disabled for the corresponding non-sensing time
period 246. Following the non-sensing time period 246, the
sensing circuit is again enabled and cardiac signals are
sensed and analyzed by the IMD. The IMD determines
whether the patient is still experiencing a ventricular tachy-
cardia, or alternatively whether the ATP therapy has termi-
nated the VT. When the VT is not terminated, the IMD may
repeat the ATP therapy. As one example, the IMD may
collect a new series of sensed ventricular events, calculate a
new projected VT cycle length and a new ATP therapy.
Alternatively, the IMD may utilize the previously deter-
mined projected VT cycle length and instead adjust the
coupling interval and/or secondary delays. For example,
during a second attempt at ATP therapy, the coupling interval
may be assigned as a higher percentage (e.g., 90%) of the
projected VT cycle length. Additionally or alternatively, the
secondary delays may be set as non-integer multiples of the
projected VT cycle length (e.g., 2.1, 2.5, etc.). In the event
that a second, third or later attempt at ATP therapy is
unsuccessful, the IMD may deliver a defibrillation shock
(e.g., 120 in FIG. 1).

Table 1 below sets forth an example of various program-
mable parameters that may be utilized in connection with
different ATP therapy attempts. In the following Table 1, the
first column (ATP Attempts) corresponds to a number of the
present ATP attempt, for which the subsequent parameters
are to be used. The second column corresponds to a X,,/Y -
VT Detection parameter used at 110 regarding the VT
threshold ratio between the number of VT events detected
and the number of VT events having a VT cycle length
within the VT limits/range of interest. The third column
corresponds t0 a Xz;5/Y 75 VF Detection parameter utilized
at 114 regarding the FIB threshold ratio between the number
of FIB events detected and the number of FIB events having
an FIB cycle length below the FIB threshold. The fourth
column corresponds to the parameter used at 118 to define
the number of ATP attempts that will be delivered before
delivering a shock (at 120). The fifth column corresponds to
a parameter that sets the number of ATP pulses used during
an ATP therapy. The sixth column corresponds to a coupling
interval parameter that sets the percentage of the VT cycle
length to be utilized as the coupling interval. The last column
corresponds to a VT range parameter used at 108 to define
the limitations of the VT cycle lengths to count intercon-
nection with ATP therapy.

For example, during the first ATP attempt, the determi-
nation at 110 will determine whether seven out of the last
eight VT events exhibited a VT cycle length that falls within
a range between limits of 240 ms and 360 ms. During the
first ATP attempt, the determination at 114 will determine
whether 24 out of the last 32 fibrillation events exhibited a
fibrillation rate of less than a threshold (320 ms). During the
first ATP attempt, one ATP pulse will be delivered as the ATP
therapy at a point in time following a coupling interval that
is 88% of the projected VT cycle length.

For example, during the third ATP attempt, the determi-
nation at 110 will determine whether three out of the last
four VT events exhibited a VT cycle length that falls within
a range between limits of 240 ms and 360 ms. During the
third ATP attempt, the determination at 114 will determine
whether 24 out of the last 32 fibrillation events exhibited a
fibrillation rate of less than a threshold (320 ms). During the
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third ATP attempt, three ATP pulses will be delivered as the
ATP therapy, with the first ATP pulse 232 delivered follow-
ing a ATP pulse 232 that is 81% of the projected VT cycle
length and with the second and third ATP pulses 234, 236
spaced apart as shown in FIG. 2B.

TABLE 1

16

number of cycle lengths stored in the FIB buffer memory
that fall below an upper limit. As noted above in connection
with FIG. 1, the processors may determine a count of a
number of FIB cycle lengths XX, out of a set of FIB cycle
lengths YY -z that are below the upper FIB limit.

ALGORITHM 1: PROGRAMMABLE PARAMETERS

Coupling

Number  Interval

X Yyr Xpp/Ypp Number of ATP (Percent

ATP VT VF of ATP pulses per  Cycle
Attempt detection  detection attempts  Attempt length) VT range (ms)

1 7/8 24/32 4 1 88% 240 > Intervals > 360
2 3/4 24/32 4 2 85% 240 > Intervals > 360
3 3/4 24/32 4 3 81% 240 > Intervals > 360
4 3/4 24/32 4 4 78% 240 > Intervals > 360

FIG. 3 illustrates a flowchart implementing a method for
performing anti-tachycardia pacing according to an embodi-
ment herein. Throughout operation, the IMD senses cardiac
signals at one or more combinations of electrodes provided
on or coupled to the IMD. The cardiac signals are continu-
ously or periodically processed by a sensing circuit, one or
more processors within the IMD and/or one or more pro-
cessors within an external device. In accordance with
embodiments herein, the method of FIG. 3 may be imple-
mented in response to a determination by an IMD that a
patient is experiencing some type of arrhythmia involving an
elevated heart rate, such as ventricular tachycardia or fibril-
lation. Optionally, the method of FIG. 3 may be imple-
mented by the IMD based on other criteria, without first
determining whether an arrhythmia exists.

At 302, the sensing circuit detects an event from cardiac
signals sensed at electrodes of the IMD. As noted herein, the
sensing circuit may detect a peak of an R-wave, a peak of a
T-wave, a QRS complex or other characteristic of interest
within the morphology of the cardiac signal. At 304, one or
more processors of the IMD (and/or external device) mea-
sure a cycle length between the most recent event detected
at 302 and a prior event detected and saved. At 306, the one
or more processors determine whether the cycle length
corresponds to a ventricular tachycardia (VT) event or a
fibrillation (FIB) event and saves the CL in a corresponding
VT or FIB buffer memory.

After the operation at 306, flow branches along two paths,
namely 307 and 308. The operations at 307 and 308 may be
performed together or as alternatives.

At 307, the one or more processors lookup a number of
VT cycle lengths X, that fall within the predetermined
limits. The processors also lookup the total number of VT
cycles over a predetermined period of time and a ratio
between the X, and Y. The lookup operation at 307 is
performed based on the current ATP attempt number. As
noted herein, multiple ATP attempts may be performed.
During the current iteration through the operations of FIG.
3, the lookup operation at 307 is performed based on the
current ATP attempt number.

At 308, the one or more processors count the number of
cycle lengths stored in the VT buffer memory that fall within
predetermined limits (or exceed an upper limit). As noted in
connection with FIG. 1, the processors may determine a
count of a number of VT cycle lengths X, out of a set of
VT cycle lengths Y- that fall within the range between the
upper and lower limits. In addition, the processors count the
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At 310, the one or more processors determine whether a
ratio or percentage of the VT cycle lengths, within the VT
limits, out of the total number of VT cycle lengths. The
processors determine whether the ratio or percentage equals
or is greater than a VT threshold (e.g., X,;/Y,;,20.875).
When the ratio or percentage of the VT cycle lengths (within
the upper and lower VT limits) out of the total number of VT
cycle lengths exceeds the threshold, flow moves to 312.
Otherwise, flow continues to 314.

At 314, the one or more processors determine whether a
ratio or percentage of the FIB cycle lengths, below FIB
limits, equals or is greater than a FIB threshold (e.g.,
XX 5/ YY 11520.75). When the ratio or percentage of the
FIB cycle lengths (above the FIB limit) out of the total
number of FIB cycle lengths exceeds the threshold, flow
moves to 316. Otherwise, the processors determined that no
fibrillation therapy or anti-tachycardia pacing therapy is
warranted and flow returns to 302.

At 316, the one or more processors declare the patient to
be experiencing a fibrillation episode and the IMD delivers
a fibrillation shock therapy (e.g., a defibrillation shocks).
Thereafter, the process may reset the buffers, counters and
other aspects, begin sensing new cardiac events and restart
event detection at 302. Alternatively, the process may ter-
minate.

Returning to 310, when flow moves to 312, the one or
more processors declare the patient to be experiencing a
ventricular tachycardia episode and flow continues to 318.
At 318, the one or more processors compare a number of
past ATP therapy attempts that have been performed by the
IMD with a limit. When the number of ATP attempts reaches
alimit, the processors determined that no more ATP attempts
should be performed (at least in connection with the current
tachycardia episode) and thus flow moves to 320. At 320, the
IMD delivers a programmed shock (e.g., defibrillation
shock).

Returning to 318, when the IMD has performed fewer
than the maximum number of ATP attempts, flow moves to
322. At 322, the one or more processors identify a time at
which the last ventricular event (detected at 302) was sensed
VS. The processors set a fiducial or refractory reference
based on the last ventricular sensed event VS. The refractory
reference is used in connection with ATP therapy. As
explained herein, the ATP therapy is timed to have first and
secondary pulses delivered relative to the refractory refer-
ence.
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At 324, the one or more processors estimate a projected
VT interval, at which future VT events will occur unless or
until a tachycardia episode is terminated. As noted above in
connection with FIG. 1, the estimate of the projected VT
cycle length may be based on (or equal) a mode, average or
other statistical relation of the prior measured VT cycle
lengths. At 326, the one or more processors define an ATP
therapy based on VT event related information collected
from the patient. The VT event related information includes
the refractory reference, the projected VT cycle length, an
ATP pulse cycle length and/or a number of ATP pulses. The
ATP pulse cycle length is determined based on the projected
VT cycle length. For example, the ATP pulse cycle length
may be defined as a percentage of the projected VT cycle
length.

At 328, the one or more processors manage delivery of the
ATP therapy defined at 326. Among other things, the first
ATP pulse of the ATP therapy is delayed for an coupling
interval relative to the last ventricular sensed VS event. In
the embodiment of FIG. 3, the ATP therapy may be limited
to a single first ATP pulse that is delivered at 328. Alterna-
tively, the ATP therapy may be defined as described in
connection with FIG. 2B to include a first ATP pulse
followed by one or more secondary ATP pulses. After the
ATP therapy is delivered, flow moves to 330.

At 330, the one or more processors delay operation until
a depolarization timer times out. The depolarization timer is
set for a depolarization interval which may be prepro-
grammed or adjusted throughout operation. The depolariza-
tion interval corresponds to a period of time during which
the pacing/sensing electrodes on the IMD are polarized by
the ATP pacing pulse(s). Immediately following delivery of
an ATP pulse, the pacing/sensing electrodes are polarized
and unable to sense intrinsic cardiac signals. The depolar-
ization interval affords a time period for the electrodes to
settle and depolarize. When the depolarization interval ter-
minates, flow returns to the start at 302 where the next event
is detected.

FIG. 4A illustrates a series of cardiac events 414A-414C
from one type of physiologic response to ATP that occur
during delivery of an ATP therapy 430 in accordance with
the embodiment of FIG. 3. The cardiac event 414A, corre-
sponding to a VT event, is detected at 302, and a VT cycle
length is measured at 304, and is processed at 306-324 to
define a corresponding ATP therapy. The initial VT event
414A is used as the basis to set as a refractory reference 420
(at 322) utilized in the ATP therapy 430. The VT event 414A
is followed by a second VT event 414B.

FIG. 4A also illustrates the timing of the ATP therapy 430,
temporally aligned with the VT events 414A-414B. The ATP
therapy 430 includes a first ATP pulse 432 noted by a vertical
bar corresponding to the points at which first ATP pulse 432
is delivered. The ATP therapy 430 is defined at 326 in FIG.
3 and delivered at 328. The ATP therapy 430 is programmed
to include a first ATP pulse 432, and if necessary additional
ATP pulses (not shown). The first ATP pulse 432 is delivered
at a time spaced apart by a coupling interval 422 following
the last ventricular sensed event 414A (also designated as
VS). In the example of FIG. 4A, the projected VT cycle
length was determined to be 250 ms, and the coupling
interval 422 was defined to be a percentage of the projected
VT cycle length (e.g., 85% or 212 ms).

After the first ATP pulse 432 is delivered, a depolarization
timer is set for a depolarization interval 423 (corresponding
to 330 in FIG. 3). When the depolarization interval 423 ends,
the IMD opens a sensing window 425 to listen for cardiac
signals in connection with a next cardiac event (correspond-
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ing to 302 in FIG. 3). In the example of FIG. 4A, no cardiac
event occurs (or is sensed) following the first ATP pulse 432.
Instead, an escape interval timer times out after a 1000 ms
delay following the first ATP pulse 432. When the escape
interval timer times out, the IMD delivers a next ventricular
pacing pulse 434 to initiate a ventricular event 414C. After
the ventricular pacing pulse 434, the depolarization timer is
reset to wait for the depolarization interval 432 after which
another sensing window is opened. Thereafter, flow returns
to 302 in FIG. 3.

FIG. 4B illustrates a series of cardiac events 454 A-454F
from another physiologic response to ATP that occur during
delivery of an ATP therapy 470 in accordance with the
embodiment of FIG. 3. The series includes an initial VT
event 454 A that is used to set a refractory reference 460 (at
322). The coupling interval 462 follows the refractory
reference 460, after which a first ATP pulse 472 is delivered.
When the first ATP pulse 472 is delivered, a depolarization
interval 463 is set. After expiration of the depolarization
interval 463, a sensing window 465 is opened and the IMD
senses cardiac signals for the period of time corresponding
to the sensing window 465. In the present example, two VT
events 454C and 454D are detected during the sensing
window 465, although it is understood that more or fewer
events may be sensed based upon the length of the interval
between successive events.

When the sensing window 465 is closed, flow returns to
302 in FIG. 3 where the one or more cardiac signals are
processed. In the example of FIG. 4B, the first ATP pulse
472 did not achieve capture and did not have an effect on the
tachyarrhythmia. Thus, during the next iteration at 302, the
VT events 454C and 454D are detected and the cycle length
455 there between is measured at 304. Thereafter, the
operations of FIG. 3 are repeated utilizing the cycle length
455 measured between events 454C and 454D. A new
projected VT interval is estimated at 324 based on the VT
interval between the VT events 454C and 454D. In one
example, the projected VT interval for the ATP therapy may
be based solely on the cycle length 455 between the VT
events 454C and 454D. During the second iteration through
the determination at 310, the threshold utilized at 310 may
be changed. For example, the threshold may be changed
such that a single VT cycle length within a predetermined
range may be sufficient to trigger initiation of the next ATP
pulse. For example, at 310, the determination may be made
as to whether the VT interval is between 220 and 300 ms. If
s0, flow branches to 312 and the processors declare that the
VT episode continues.

Optionally, the determination at 310 may search for 2 out
of 3, or 3 out of 4 VT events, etc. within the predetermined
limits. When the desired number of VT events are detected
within the predetermined limits, flow moves from 312
through 328. A new refractory reference 481 is set corre-
sponding to the VT event 454D and a new coupling interval
483 is defined starting at the refractory reference 481. After
the coupling interval 483, the next ATP pulse 473 is deliv-
ered, followed by a new depolarization interval 485. The
first and second ATP pulses 472, 473 are separated by a
non-stimulation segment in which no stimulation pulses are
delivered.

The coupling interval 483 may be defined as a percentage
of the VT interval or a percentage of an average or mode
over multiple VT intervals. The relation between the cou-
pling interval 483 and the VT interval may be maintained
constant for all ATP pulses. Alternatively, the relation
between the coupling interval 483 and the VT interval may
be changed in connection with different ATP pulses within a
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single ATP therapy. For example, during the first iteration
through FIG. 3, when calculating the start time of the first
ATP pulse 472, the coupling interval 462 may be set to be
85% of the projected VT interval. When the first ATP pulse
472 does not terminate the tachyarrhythmia, a different
percentage may be utilized in connection with the next
coupling interval 483 when calculating the start time of the
second ATP pulse 473. For example, the coupling interval
483 may be set to be 75%, 90%, etc. of the projected VT
interval). Optionally, the coupling interval may be scanned
by decreasing percentage used by the coupling interval
during detection of each successive VT event to increase a
probability of when the surrounding tissue is in an excitable
state (the excitable gap).

Table 2 below sets forth an example of various program-
mable parameters that may be utilized in connection with
different ATP therapy attempts according to the operations of
at least FIG. 3. In Table 2, no parameter is defined in
connection with the number of pulses per attempt as a single
pulse is delivered during each ATP attempt. Otherwise, the
columns in Table 2 correspond to the parameters described
above in connection with Table 1, but with at least some
different parameters. For example, during the first ATP
attempt, the determination at 310 will determine whether
seven out of the last eight VT events exhibited a VT cycle
length that falls within a range between limits of 240 ms and
360 ms. However, during the second, third and fourth ATP
attempts, the determination at 310 will only consider
whether a single VT event exhibited a VT cycle length
within the range of 240 ms to 360 ms. As explained herein,
a single VT event may be utilized to determine the VT cycle
length in accordance with embodiments that perform sens-
ing following delivery of an ATP pulse (FIGS. 3, 4A and
4B). The remaining parameters in Table 2 may be the same

as or different from the parameters in Table 1.
TABLE 2
ALGORITHM 2: PROGRAMMABLE PARAMETERS
Coupling
Interval
X Ypr Xgp/Yrp Number (Percent
ATP VT VF of ATP Cycle
Attempt  detection  detection attempts  length) VT range (ms)
1 7/8 24/32 4 88% 240 > Intervals >
360
2 1/1 24/32 4 85% 240 > Intervals >
360
3 11 24/32 4 81% 240 > Intervals >
360
4 11 24/32 4 78% 240 > Intervals >
360

Implantable Medical Device

Embodiments may be implemented in connection with
one or more implantable medical devices (IMDs). Non-
limiting examples of IMDs include one or more of neuro-
stimulator devices, implantable leadless monitoring and/or
therapy devices, and/or alternative implantable medical
devices. For example, the IMD may represent a cardiac
monitoring device, pacemaker, cardioverter, cardiac rhythm
management device, defibrillator, neurostimulator, leadless
monitoring device, leadless pacemaker and the like. For
example, the IMD may include one or more structural and/or
functional aspects of the device(s) described in U.S. Pat. No.
9,333,351 “Neurostimulation Method And System To Treat
Apnea” and U.S. Pat. No. 9,044,610 “System And Methods
For Providing A Distributed Virtual Stimulation Cathode For
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Use With An Implantable Neurostimulation System”, which
are hereby incorporated by reference. Additionally or alter-
natively, the IMD may include one or more structural and/or
functional aspects of the device(s) described in U.S. Pat. No.
9,216,285 “Leadless Implantable Medical Device Having
Removable And Fixed Components” and U.S. Pat. No.
8,831,747 “Leadless Neurostimulation Device And Method
Including The Same”, which are hereby incorporated by
reference. Additionally or alternatively, the IMD may
include one or more structural and/or functional aspects of
the device(s) described in U.S. Pat. No. 8,391,980 “Method
And System For Identifying A Potential Lead Failure In An
Implantable Medical Device” and U.S. Pat. No. 9,232,485
“System And Method For Selectively Communicating With
An Implantable Medical Device”, which are hereby incor-
porated by reference.

FIG. 5 illustrate an IMD 500 formed in accordance with
embodiments herein. The IMD 500 comprises a housing 502
having a proximal base 504, a distal top end 506, and an
intermediate shell 508 extending between the proximal base
504 and the distal top end 506. The shell 508 is elongated
and tubular in shape and extends along a longitudinal axis
509. FIG. 5 illustrates a side perspective view of the IMD
500 oriented with the base 504 facing upward to illustrate an
electrode 510 and a fixation helix 512 in more detail. The
fixation helix 512 is also provided directly on the housing
502 of the IMD 500 and may be configured as a screw with
a large pitch (e.g. length between adjacent turns), large
diameter and may have a length that is relatively short. One
or more anode electrodes 518 may be provided. The anode
electrode(s) 518 may be located along one or more sides of
the shell 508, and/or on the top end 506 of the IMD 500. The
housing 502 is formed of a conductive material that is
partially coated with an insulation layer. The anode
electrode(s) 518 may represent a portion of the housing 502
that is not covered with the insulation coating. Alternatively,
the electrode(s) 518 may be separate electrodes assembled
onto the housing 502 and/or connected to the electronics of
the IMD 500 through a header.

In the example of FIG. 5, the electrodes 510, 518 are
provided on or as part of the housing 502 to form a leadless
IMD. Alternatively, a lead-based IMD may be utilized in
which one or more leads may be connected to the IMD 500
through a header (not shown), where the one or more leads
include one or both of the electrodes 510, 518.

The IMD 500 includes various combinations of compo-
nents for the operation of'an IMD, as described in the patents
and applications referenced herein and as known in the field.
Relative to embodiments herein, the IMD 500 includes one
or more processors 520, a sensing circuit 522, a charge
storage circuit 524, an power source (battery) 526, telemetry
circuit 528 and memory 530, all of which are hermetically
sealed within the housing 502. The memory 530 is shown in
an enlarged detail to better illustrate data, parameters and
other information that are stored in the memory 530 and
utilized in connection with embodiments herein. The
memory 530 includes program instructions that, when
executed by the processors 520, perform the operations
described herein. Optionally, the program instructions may
represent firmware and the processors may represent hard-
ware that executes the firmware to perform the operations
described herein.

The memory 530 stores parameters utilized in connection
with the operations herein, such as the parameters discussed
in connection with tables 1 and 2. The memory 530 includes
one or more VT memory buffers and FIB memory buffers to
store VT cycle length and FIB cycle length that are analyzed
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in accordance with embodiments herein. The memory 530
stores projected a VT cycle length that are calculated based
on the VT cycle length measured from VT events. The
memory 530 stores one or more coupling intervals that are
calculated from VT cycle length and/or projected VT cycle
lengths. The memory 530 also stores a depolarization intet-
val utilized in connection with some embodiments for
determining when to enable the sensing circuit following
delivery of an ATP pulse. The memory 530 also stores a
secondary delay that is formed from a combination of the
coupling interval and multiples of the projected VT cycle
length, where the secondary delay is utilized to time sec-
ondary ATP pulses.

The sensing circuit 522 senses intrinsic cardiac signals
sensed at the electrodes 518, where the cardiac signals are
representative of cardiac activity occurring in at least one
chamber of the heart (e.g., the chamber wherein the IMD
500 is located or in a lead-based IMD, the chamber where
the electrodes are located). The sensing circuit 522 may
perform event detection to detect events in the sensed
cardiac signals. For example, the sensing circuit 522 may
apply threshold detection to only pass sensed signals above
select thresholds. Alternatively, the processors 520 may
analyze the sensed cardiac signals and perform event detec-
tion.

The sensing circuit 522 is enabled and disabled at differ-
ent points during detection of VT events and delivery of ATP
therapy. In accordance with some embodiments herein, the
sensing circuit 522 is disabled during the entire ATP therapy.
In accordance with other embodiments, the sensing circuit
522 is disabled for short intervals within an ATP therapy and
enabled at other intervals within the ATP therapy. For
example, the one or more processors 520 may disable the
sensing circuit 522 for a depolarization interval following
delivery of the first ATP pulse, and enable the sensing circuit
522 to sense cardiac signals after termination of the depo-
larization interval and before delivery of the second ATP
pulse.

The charge storage circuit 524 stores high or low energy
amounts to be delivered in one or more ATP pacing/stimulus
pulses. The electrodes 510, 518 are configured to be joined
to the charge storage circuit 524. The electrodes 510, 518
may be used to deliver lower energy or high energy stimulus,
such as pacing pulses, cardioverter pulse trains, defibrilla-
tion shocks and the like. The electrodes 510, 518 may also
be used to sense the cardiac signals, including physiologic
and pathologic behavior and events and provide sensed
signals to the sensing circuit 522.

The one or more processors 520 execute the program
instructions in the memory 530 to perform the operations
described herein, including analyzing the VT cycle length to
define an anti-tachycardia pacing (ATP) therapy that
includes a first coupling interval. The processors 520 deliver
a first ATP pulse that is spaced the coupling interval after a
reference refractory VT event sensed at the electrodes and
deliver a second ATP pulse following the first ATP pulse by
a non-stimulation segment that is at least 1.75 times a
projected VT cycle length. Optionally, the processors 520
analyze the VT cycle length to determine the secondary
delay that is at least twice the VT cycle length and deter-
mining a length of the non-stimulation segment based on the
secondary delay. For example, the secondary delay corre-
sponds to a time interval that equals the coupling interval
combined with a number N of a projected VT cycle length.
By way of example, the number N is two or greater. The first
coupling interval may be set as a percentage of the projected
VT cycle length. The first coupling interval is set to time the
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first ATP pulse to occur during a non-refractory state of
tissue proximate to the electrodes of the IMD. The one or
more processors 520 may determine a length of the non-
stimulation segment based on a second coupling interval
related to a VT cycle length of at least two VT events that
occur after delivery of the first ATP pulse. More specifically,
an ending point of the non-stimulation segment may be set
to correspond to an ending point of the second coupling
interval.

The power source (battery) 526 represents a low-charge
power source. The power source includes terminals con-
nected to the charge storage circuit 524 in order to charge the
charge storage circuit 524 in connection with various types
of therapy including ATP therapy. For example, the power
source 526 includes one or more batteries having terminals
connected to a charge storage circuit, the power source
exhibiting a power state in which a source impedance, across
the terminals of the power source, is equal to or greater than
2000 ohms when the power source is connected to a charge
storage circuit.

In accordance with embodiments herein, the IMD may
represent a leadless pacemaker that includes a very small
power source 526 that, even when in a new condition,
exhibits a low charge state. Alternatively, the IMD may
represent a lead based IMD or larger leadless IMD that
includes a larger power source 526 that, when in a new
condition, exhibits a relatively higher charge state. However,
over the life of the IMD, the charge state of the power source
526 will diminish to a low charge state at some point during
the life.

In accordance with embodiments herein, the ATP therapy
is defined to enable power sources 526 in a low charge state
to maintain charge on the charge delivery circuit 524, the
low-charge state corresponding to the power source having
a source impedance equal to or greater than 2000 ohms. By
way of example, the ATP therapy includes at least three ATP
pulses having an amplitude of at least 6 V and a pulse width
of at least 0.4 ms.

Closing Statements

It should be clearly understood that the various arrange-
ments and processes broadly described and illustrated with
respect to the Figures, and/or one or more individual com-
ponents or elements of such arrangements and/or one or
more process operations associated of such processes, can be
employed independently from or together with one or more
other components, elements and/or process operations
described and illustrated herein. Accordingly, while various
arrangements and processes are broadly contemplated,
described and illustrated herein, it should be understood that
they are provided merely in illustrative and non-restrictive
fashion, and furthermore can be regarded as but mere
examples of possible working environments in which one or
more arrangements or processes may function or operate.

As will be appreciated by one skilled in the art, various
aspects may be embodied as a system, method or computer
(device) program product. Accordingly, aspects may take the
form of an entirely hardware embodiment or an embodiment
including hardware and software that may all generally be
referred to herein as a “circuit,” “module” or “system.”
Furthermore, aspects may take the form of a computer
(device) program product embodied in one or more com-
puter (device) readable storage medium(s) having computer
(device) readable program code embodied thereon.

Any combination of one or more non-signal computer
(device) readable medium(s) may be utilized. The non-
signal medium may be a storage medium. A storage medium
may be, for example, an electronic, magnetic, optical, elec-
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tromagnetic, infrared, or semiconductor system, apparatus,
or device, or any suitable combination of the foregoing.
More specific examples of a storage medium would include
the following: a portable computer diskette, a hard disk, a
random access memory (RAM), a dynamic random access
memory (DRAM), a read-only memory (ROM), an erasable
programmable read-only memory (EPROM or Flash
memoty), a portable compact disc read-only memory (CD-
ROM), an optical storage device, a magnetic storage device,
or any suitable combination of the foregoing.

Program code for carrying out operations may be written
in any combination of one or more programming languages.
The program code may execute entirely on a single device,
partly on a single device, as a stand-alone software package,
partly on single device and partly on another device, or
entirely on the other device. In some cases, the devices may
be connected through any type of network, including a local
area network (LAN) or a wide area network (WAN), or the
connection may be made through other devices (for
example, through the Internet using an Internet Service
Provider) or through a hard wire connection, such as over a
USB connection. For example, a server having a first
processor, a network interface, and a storage device for
storing code may store the program code for carrying out the
operations and provide this code through its network inter-
face via a network to a second device having a second
processor for execution of the code on the second device.

Aspects are described herein with reference to the figures,
which illustrate example methods, devices and program
products according to various example embodiments. These
program instructions may be provided to a processor of a
general purpose computer, special purpose computer, or
other programmable data processing device or information
handling device to produce a machine, such that the instruc-
tions, which execute via a processor of the device implement
the functions/acts specified. The program instructions may
also be stored in a device readable medium that can direct a
device to function in a particular manner, such that the
instructions stored in the device readable medium produce
an article of manufacture including instructions which
implement the function/act specified. The program instruc-
tions may also be loaded onto a device to cause a series of
operational steps to be performed on the device to produce
a device implemented process such that the instructions
which execute on the device provide processes for imple-
menting the functions/acts specified.

The units/modules/applications herein may include any
processor-based or microprocessor-based system including
systems using microcontrollers, reduced instruction set com-
puters (RISC), application specific integrated circuits
(ASICs), field-programmable gate arrays (FPGAs), logic
circuits, and any other circuit or processor capable of
executing the functions described herein. Additionally or
alternatively, the modules/controllers herein may represent
circuit modules that may be implemented as hardware with
associated instructions (for example, software stored on a
tangible and non-transitory computer readable storage
medium, such as a computer hard drive, ROM, RAM, or the
like) that perform the operations described herein. The
above examples are exemplary only, and are thus not
intended to limit in any way the definition and/or meaning
of the term “controller.”” The units/modules/applications
herein may execute a set of instructions that are stored in one
or more storage elements, in order to process data. The
storage elements may also store data or other information as
desired or needed. The storage element may be in the form
of an information source or a physical memory element
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within the modules/controllers herein. The set of instruc-
tions may include various commands that instruct the mod-
ules/applications herein to perform specific operations such
as the methods and processes of the various embodiments of
the subject matter described herein. The set of instructions
may be in the form of a software program. The software may
be in various forms such as system software or application
software. Further, the software may be in the form of a
collection of separate programs or modules, a program
module within a larger program or a portion of a program
module. The software also may include modular program-
ming in the form of object-oriented programming. The
processing of input data by the processing machine may be
in response to user commands, or in response to results of
previous processing, or in response to a request made by
another processing machine.

It is to be understood that the subject matter described
herein is not limited in its application to the details of
construction and the arrangement of components set forth in
the description herein or illustrated in the drawings hereof.
The subject matter described herein is capable of other
embodiments and of being practiced or of being carried out
in various ways. Also, it is to be understood that the
phraseology and terminology used herein is for the purpose
of description and should not be regarded as limiting. The
use of “including,” “comprising,” or “having” and variations
thereof herein is meant to encompass the items listed there-
after and equivalents thereof as well as additional items.

It is to be understood that the above description is
intended to be illustrative, and not restrictive. For example,
the above-described embodiments (and/or aspects thereof)
may be used in combination with each other. In addition,
many modifications may be made to adapt a particular
situation or material to the teachings herein without depart-
ing from its scope. While the dimensions, types of materials
and coatings described herein are intended to define various
parameters, they are by no means limiting and are illustra-
tive in nature. Many other embodiments will be apparent to
those of skill in the art upon reviewing the above descrip-
tion. The scope of the embodiments should, therefore, be
determined with reference to the appended claims, along
with the full scope of equivalents to which such claims are
entitled. In the appended claims, the terms “including” and
“in which” are used as the plain-English equivalents of the
respective terms “comprising” and “wherein.” Moreover, in
the following claims, the terms “first,” “second,” and
“third,” etc. are used merely as labels, and are not intended
to impose numerical requirements on their objects or order
of execution on their acts.

What is claimed is:

1. An implantable medical device, comprising:

a housing coupled to electrodes;

an power source within the housing;

memory, within the housing, to store storing program
instructions;

a sensing circuit to sense cardiac signals from the elec-
trodes, the cardiac signals representative of a ventricu-
lar tachycardia (VT) episode that includes at least a
select number of VT events having corresponding VT
cycle lengths; and

one or more processors within the housing, wherein,
responsive to execution of the program instructions, the
one or more processors configured to:

analyze the VT cycle length to define an anti-tachycardia
pacing (ATP) therapy that includes a first coupling
interval;
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set the first coupling interval, based on the VT cycle
length, to time a first ATP pulse to occur during a
non-refractory state of tissue proximate to the elec-
trodes;

deliver the first ATP pulse that is spaced the coupling

interval after a reference refractory VT event sensed at
the electrodes; and

deliver a second ATP pulse following the first ATP pulse

by a non-stimulation segment that is at least one and
three-quarters (1.75) times a projected VT cycle length.

2. The device of claim 1, wherein the power source
includes one or more batteries having terminals connected to
a charge storage circuit, the power source exhibiting a power
state in which a source impedance, across the terminals of
the power source, is equal to or greater than 2000 ohms
when the power source is connected to a charge storage
circuit.

3. The device of claim 2, wherein the implantable medical
device is a leadless pacemaker with the electrodes provided
on or as part of the housing.

4. The device of claim 1, wherein the one or more
processors are configured to analyze the VT cycle length to
determine the projected VT cycle length and to determine a
secondary delay that is at least twice the projected VT cycle
length and determine a length of the non-stimulation seg-
ment based on the secondary delay.

5. The device of claim 1, wherein the secondary delay
corresponds to a time interval that equals the coupling
interval combined with a number N of the projected VT
cycle length.
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6. The device of claim 1, wherein the first coupling
interval is a percentage of the projected VT cycle length.

7. The device of claim 1, wherein the one or more
processors are configured to define the ATP therapy to
include at least three ATP pulses having an amplitude of at
least 6 V and a pulse width of at least 0.4 ms.

8. The device of claim 1, wherein the sensing circuit is
disabled for a depolarization interval following delivery of
the first ATP pulse and, after termination of the depolariza-
tion interval, the sensing circuit is enabled to sense cardiac
signals, between the first and second ATP pulses.

9. The device of claim 8, wherein the one or more
processors are configured to time delivery of the second ATP
pulse based on at least two VT events sensed after termi-
nation of the depolarization interval.

10. The device of claim 9, further comprising determining
a length of the non-stimulation segment based on a second
coupling interval related to a VT cycle length of the at least
two VT events sensed after termination of the depolarization
interval.

11. The device of claim 1, wherein the one or more
processors are configured to deliver at least first and second
ATP therapies and to to implement a scan for the first
coupling interval by decreasing the first coupling interval
between the first and second ATP therapies to increase a
probability of pacing while the tissue is in an excitable
non-refractory state.

12. The device of claim 1, wherein the one or more
processors are configured to automatically determine and set
the first coupling interval based on the VT cycle length.
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