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(7) ABSTRACT

A method and devices for timing the delivery of non-
excitatory signals for modifying myocardial contractility of
a portion of the heart are disclosed. The method includes the
steps of applying electrodes to a plurality of cardiac sites,
sensing electrical activity in a first cardiac site through a first
electrode for detecting a first electrical depolarization event
within a beat cycle, sensing electrical activity in a second
cardiac site through a second electrode for detecting a
second electrical depolarization event within the beat cycle,
and applying a non-excitatory signal to the heart at or near
at least the second cardiac site through at least one of the
electrodes in response to detecting the second electrical
depolarization event within an alert window period. The
alert window period starts at a first delay from the time of
detection of the first electrical depolarization event and has
a first duration. The applying of the non-excitatory signal is
delayed from the time of detecting of the second electrical
depolarization event. The method may include steps for
reducing the probability of delivering of improperly timed
non-excitatory signals due to electrical noise and/or ectopic
beats and may also include steps for preventing delivery of
multiple non-excitatory signals at or near the second cardiac
site within a single cardiac beat cycle. Preferably, the first
cardiac site is located about the right ventricle or the right
atrium of the heart and the second cardiac site is located
about the left ventricle of the heart. The devices may also be
adapted for pacing the heart and/or for delivering defibrila-
tion signals to the heart.

(76) Inventors: Yuval Mika, Zichron-Yaacov (IL);
David Prutchi, Lake Jackson, TX (US);
Ziv Belsky, Haifa (IL)
Correspondence Address:
William H. Dippert
Cowan, Liebowitz & Latman, P.C.
1133 Avenue of the Americas
New York, NY 10036 (US)
(21) Appl. No.: 09/841,891
(22) Filed: Apr. 25, 2001
Related U.S. Application Data
(63) Continuation of application No. 09/276,460, filed on
Mar. 25, 1999, now Pat. No. 6,263,242.
Publication Classification
(51)  Int. CL7 e A61IN 1/362
(52)  US. Cli sceecrecrecrevnevecenseesssesseen 607/9
3 \
5171
ETC OR
ETC / PACEMAKER
ELECTRONIC
CIRCUITRY




Oct. 18,2001 Sheet 1 of 7 US 2001/0031994 A1

Patent Application Publication

AdLINJYID
JINOYLI33

dINVINIOVY / D13
¥0 213




Patent Application Publication Oct. 18,2001 Sheet 2 of 7 US 2001/0031994 A1

*...,

]

AT7
. ETC
ATS
FIG.2

M)
— !
d—
1 -
<]
=
& O My 1
w O [ .
o~
r =
/ )
=
Sz
— —
—_ 0 —
Q= <
== (,Ef
[
} R,
& <
o5
o_ -
<< =
<]
g
(1]
o
) [

11



Oct. 18,2001 Sheet 3 of 7 US 2001/0031994 A1

Patent Application Publication

L~

SQv3T  I1aVINVIdNI
] [ ,
s3sind|  s3sINd STYNOIS [STYNOIS |STVNOIS
S3SNd 30Vd 30Vd Q3ISN3S [g3SN3S |Q3ISN3S
913 A vy AT AY v
Y ] Y
e oo
3ISN3S
I C N N
0S
Or—~ | e 4 9¢
= 1INN SLINN
| ¥3TI0MINOD [ INISNIS | 8¢
1
4 Nw/ Y i
IND (S)LINN uNn |/
AMIINITEL | 97 ININIL AYOWIN

& Old



Oct. 18,2001 Sheet 4 of 7 US 2001/0031994 A1

Patent Application Publication

CC—

SAval  J18VINVIdNI

A

SIYNIIS [STYNOIS |STVNOIS
S3sINd G3ISNIS |Q3SN3S |a3ISN3S
013 AY vy
! !
SLINA
o 433N
3SN3S
b\
08 oyp— h /mm
I uNn | SLINN
~| 43TIOHINOD ONISNIS  [—8¢
! Al !
N T
IND (S)LINN uNn |/
ALIINATEL | gz ONIALL AYOWIN

¥ Old



Oct. 18,2001 Sheet 5 of 7 US 2001/0031994 A1

Patent Application Publication

G Dld
LINN 1 uNn
39VY01S 913
viva
B\ 8\
Fol/
T LINA
INN L LINN -
><fn_m_c _| ONISS300¥d ONIOVd
Nm\ 89 _/
(S)301A30 LINN LINN LINN
JOVJHILNI ANOWIN a/v [ | ON3-INOYd
¥3asn : / \

SQv3al
JIaVINVIdAI

/NN

N

09



Oct. 18,2001 Sheet 6 of 7 US 2001/0031994 A1

Patent Application Publication

9'DId
1INM | 1UNN
JOVHOLS _ 913
V1vQ
N@\ OO\
_,on/
LINN 1 1n
AV1dSIO ONISS300¥d
Nm\
(S)301A30 LN LINA LINN
¥3sn : :
\ \ S
69 ~—¢9 29
99 /i

Savil
J1aVINVIdAI




Oct. 18,2001 Sheet 7 of 7 US 2001/0031994 A1

Patent Application Publication

8 DId
913 MOGNIM MOGNIM aoRy3d
LY3W NOILIGIHNI | AYOLOVY43Y
|
s19—" " \@ \ﬁnmz fz fz
| 88 9g |
y1V——  IVAY3LINI AV13Q
|
N AOI¥3d  AYOLOVYIFY LYW
L O
MOGNIM MOGNIM aon3d
143V NOILIGIHNI | AYOLOVYA3Y
917 —/ \ﬁ \ﬂfz L
91V Z8 08 ™\
—~ Y

QOIJAd AYOLOVY43Y NOILIGIHNI




US 2001/0031994 Al

APPARATUS AND METHOD FOR TIMING THE
DELIVERY OF NON-EXCITATORY ETC SIGNALS
TO A HEART

FIELD OF THE INVENTION

[0001] The present invention relates generally to the field
of methods and medical devices for modulating cardiac
muscle activity and contractility and for cardiac pacing and
more specifically to the field of methods for determining
timing of delivery of non-excitatory excitable tissue control
(ETC) signals to the heart.

BACKGROUND OF THE INVENTION

[0002] Excitable tissue control (ETC) devices are devices
which modulate the activity of excitable tissues by applica-
tion of non-excitatory electrical field signals to the excitable
tissue through suitable electrodes in contact with the tissue.
For example, ETC devices may be used, inter alia, to
increase or decrease the contractility of cardiac muscle in
vitro, in vivo and in situ., as disclosed in detail in PCT
application PCT/IL97/00012 (International Publication
Number WO 97/25098) to Ben-Haim et al., titled “ELEC-
TRICAL MUSCLE CONTROLLER”, incorporated herein
by reference. Other methods and applications of ETC
devices are disclosed in PCT application PCT/IL.97/00231
(International Publication Number WO 98/10828) titled
“APPARATUS AND METHOD FOR CONTROLLING
THE CONTRACTILITY OF MUSCLES” to Ben Haim et
al., incorporated herein by reference, PCT application PCT/
11.97/00232 (International Publication Number WO
98/10829) titled “DRUG-DEVICE COMBINATION FOR
CONTROLLING THE CONTRACTILITY OF
MUSCLES” to Ben Haim et al.,, incorporated herein by
reference and PCT application PCT/IL97/00233 (Interna-
tional Publication Number WO 98/10830) titled “FENCING
OF CARDIAC MUSCLES” to Ben Haim et al., incorpo-
rated herein by reference, PCT application PCT/IL97/00235
(International Publications Number WO 98/10831) to Ben
Haim et al., titled “CARDIAC OUTPUT CONTROLLER?”,
incorporated herein by reference.

[0003] Further applications of the ETC including devices
combining cardiac pacing and cardiac contractility modula-
tion are disclosed in PCT Application, International Publi-
cation No. WO 98/10832, titled “CARDIAC OUTPUT
ENHANCED PACEMAKER” to Ben Haim et al., co-
assigned to the assignee of the present application. Such
ETC devices function by applying to selected cardiac seg-
ments non-excitatory electrical signals of suitable amplitude
and waveform, appropriately timed with respect to the
heart’s intrinsic electrical activity or with respect to paced
cardiac electrical activity. The contraction of the selected
segments can be modulated to increase or decrease the
stroke volume of the heart. The timing of the ETC signals
must be carefully controlled since application of the ETC
signal to the myocardium at inappropriate times may be
arrhythmogenic. The ETC signal must therefore be applied
to the selected cardiac segment within a defined time inter-
val during which the selected cardiac segment will not be
stimulated by the ETC signal.

[0004] As disclosed in International Publication No. WO
98/10832, the ETC signal may be timed relative to a trigger
signal which is also used as a pacing trigger, or may be timed
relative to locally sensed depolarizing electrogram signals.
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[0005] Timing of the delivery of ETC signals relative to
the time of detection of locally sensed electrogram signals
may present certain practical problems. For example, trig-
gering of the ETC signal by any locally detected depolar-
izing signals irrespective of the time of detection of the
depolarizing signal within the cardiac beat cycle, may
increase the probability of spurious detection of noise sig-
nals or of ectopic beats such as premature ventricular
contractions (PVCs) or the like, which may lead to delivery
of improperly timed and potentially arrhythmogenic ETC
signals. It is therefore desirable to have a method for
determining proper timing of the delivery of ETC signals
without unduly increasing the probability of delivering an
improperly timed ETC signal caused by spurious noise
detection or by detection of ectopic beats.

SUMMARY OF THE INVENTION

[0006] There is therefore provided, in accordance with a
preferred embodiment of the present invention, a method for
timing the delivery of a non-excitatory signal to a heart
within a cardiac beat cycle. The method includes the steps of
applying electrodes to a plurality of cardiac sites, sensing
electrical activity in at least a first site of the plurality of
cardiac sites through at least a first electrode of the elec-
trodes for detecting a first electrical depolarization event
within the beat cycle, sensing electrical activity in at least a
second site of the plurality of sites through at least a second
electrode of the electrodes for detecting at least a second
electrical depolarization event within the beat cycle, and
applying the non-excitatory signal to at least one of the
cardiac sites through at least one of the electrodes in
response to detecting the second electrical depolarization
event within an alert window period. The alert window
period starts at a first delay from the time of detection of the
first electrical depolarization event and has a first duration.
The applying is delayed from the time of detecting of the
second electrical depolarization event.

[0007] Furthermore, in accordance with another preferred
embodiment of the present invention, the method includes
the step of inhibiting the applying of the cardiac non-
excitatory signal of the step of applying in response to
detecting at the second site a third electrical depolarization
event preceding the second electrical depolarization event.
The third electrical depolarization event is detected within
an inhibition window period. The inhibition window period
starts at a second delay from the time of detection of the first
electrical depolarization event and terminates before or at
the time of starting of the alert window period. The second
delay is smaller than the first delay.

[0008] Furthermore, in accordance with another preferred
embodiment of the present invention, the step of inhibiting
includes the step of initiating an inhibition refractory period.
The inhibition refractory period starts at the time of detect-
ing of the third electrical depolarization event and has a
second duration. The sensing of the electrical activity in the
second site is disabled during the inhibition refractory
period.

[0009] Furthermore, in accordance with another preferred
embodiment of the present invention, the sensing of the
second step of sensing at the second site starts after the end
of a refractory time period. The refractory period begins at
the time of detection of the first electrical depolarization
event and has a refractory period duration.
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[0010] Furthermore, in accordance with another preferred
embodiment of the present invention, the method further
includes the step of pacing the heart by applying at least one
pacing pulse to the heart through the first electrode. The
refractory period prevents the sensing of electrical artifact
signals by the second electrode due to the pacing pulse.

[0011] Furthermore, in accordance with another preferred
embodiment of the present invention, the first site is located
in or about the right ventricle of the heart and the second site
is located in or about the left ventricle of the heart.

[0012] Furthermore, in accordance with another preferred
embodiment of the present invention, the first site is located
in or about the right atrium of the heart and the second site
is located in or about the left ventricle of the heart.

[0013] Furthermore, in accordance with another preferred
embodiment of the present invention, the method further
includes the step of pacing the heart by applying within the
beat cycle a pacing pulse to at least one of the electrodes
prior to second step of applying.

[0014] Furthermore, in accordance with another preferred
embodiment of the present invention, the first site is located
in or about the right ventricle of the heart and the at least
second site is located in or about the left ventricle of the
heart.

[0015] Furthermore, in accordance with another preferred
embodiment of the present invention, the step of pacing
includes pacing the right ventricle by applying a pacing
pulse to the first electrode or to one of the electrodes applied
to the right ventricle.

[0016] Furthermore, in accordance with another preferred
embodiment of the present invention, the step of pacing
includes pacing the left ventricle by applying a pacing pulse
to the second electrode or to one of the electrodes applied to
the left ventricle.

[0017] Furthermore, in accordance with another preferred
embodiment of the present invention, the step of pacing
includes pacing the right atrium of the heart by delivering a
pacing pulse to the right atrium through one of the electrodes
applied to the right atrium.

[0018] Furthermore, in accordance with another preferred
embodiment of the present invention, the first site is located
in or about the right atrium of the heart and the second site
is located in or about the left ventricle of the heart.

[0019] Furthermore, in accordance with another preferred
embodiment of the present invention, the step of pacing
includes pacing the right atrium by applying a pacing pulse
to the first electrode or to one of the electrodes applied to the
right atrium.

[0020] Furthermore, in accordance with another preferred
embodiment of the present invention, the step of pacing
includes pacing the left ventricle by applying a pacing pulse
to the second electrode or to one of the electrodes applied to
the left ventricles.

[0021] Furthermore, in accordance with another preferred
embodiment of the present invention, the step of pacing
includes pacing the right ventricle of the heart by delivering
a pacing pulse to the right ventricle through one of the
electrodes applied to the right ventricle.
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[0022] Furthermore, in accordance with another preferred
embodiment of the present invention, the detecting of at
least one of the first step of sensing and the second step of
sensing includes detecting a depolarization event using an
event detection method selected from a threshold crossing
detection method, a detection method based on one or more
morphological parameters of the electrical activity, a slope
based detection method and any combination thereof.

[0023] Furthermore, in accordance with another preferred
embodiment of the present invention, the first electrical
depolarization event is an electrical depolarization wave
initiated by the intrinsic pacing activity of the heart or by a
pacing pulse delivered to the heart through one of the
electrodes.

[0024] Furthermore, in accordance with another preferred
embodiment of the present invention, the second electrical
depolarization event is an electrical depolarization wave
initiated by the intrinsic pacing activity of the heart or by a
pacing pulse delivered to the heart through one of the
electrodes.

[0025] Furthermore, in accordance with another preferred
embodiment of the present invention, the applying of the
non-excitatory signal of the second step of applying is
performed through the second electrode.

[0026] Furthermore, in accordance with another preferred
embodiment of the present invention, the applying of the
step of applying is performed in response to the earliest
occurring electrical depolarization event of the at least
second electrical depolarization event detected within the
alert window period.

[0027] Furthermore, in accordance with another preferred
embodiment of the present invention, the method further
including the step of initiating an alert refractory period in
response to the detection of the earliest occurring electrical
depolarization event. The alert refractory period starts at the
time of detection of the earliest occurring electrical depo-
larization event and has a third duration. The alert refractory
period ends within the duration of the beat cycle. During the
alert refractory period, the sensing and the detecting of the
second step of detecting at the second site are disabled.

[0028] Furthermore, in accordance with another preferred
embodiment of the present invention, the third duration of
the alert refractory period is a preset value.

[0029] Furthermore, in accordance with another preferred
embodiment of the present invention, the third duration of
the alert refractory period is larger than the sum of the first
duration, the second delay and the maximal allowable dura-
tion of the non-excitatory signal.

[0030] There is further provided, in accordance with
another preferred embodiment of the present invention, a
method for timing the delivery of a non-excitatory signal to
a heart within a cardiac beat cycle. The method includes the
steps of sensing electrical activity in at least a first site of the
heart through at least a first electrode applied to the first site
for detecting a first electrical depolarization event within the
beat cycle, sensing electrical activity in at least a second site
of the heart through at least a second electrode applied to the
second site for detecting at least a second electrical depo-
larization event within the beat cycle, and applying the
non-excitatory signal at or in the vicinity of the second site



US 2001/0031994 Al

of the heart in response to detecting the second electrical
depolarization event within an alert window period. The
alert window period starts at a first delay from the time of
detection of the first electrical depolarization event and has
a first duration. The applying is delayed from the time of
detecting of the second electrical depolarization event.

[0031] Furthermore, in accordance with another preferred
embodiment of the present invention, the method further
includes the step of inhibiting the applying of the non-
excitatory signal of the step of applying in response to
detecting at the second site a third electrical depolarization
event preceding the second electrical depolarization event.
The third electrical depolarization event is detected within
an inhibition window period. The inhibition window period
starts at a second delay from the time of detection of the first
electrical depolarization event, and terminates at or before
the time of starting of the alert window period. The second
delay is smaller than the first delay.

[0032] Furthermore, in accordance with another preferred
embodiment of the present invention, the step of inhibiting
includes the step of initiating an inhibition refractory period.
The inhibition refractory period starts at the time of detect-
ing of the third electrical depolarization event and has a
second duration. The sensing of the electrical activity in the
second site is disabled during the inhibition refractory
period.

[0033] Furthermore, in accordance with another preferred
embodiment of the present invention, the second duration of
the inhibition refractory period is a preset duration.

[0034] Furthermore, in accordance with another preferred
embodiment of the present invention, the second duration of
the inhibition refractory period is equal to or larger than the
value obtained by summing the inhibition window period,
the first duration, the second delay and the maximal allow-
able duration of the non-excitatory signal.

[0035] Furthermore, in accordance with another preferred
embodiment of the present invention, the step of initiating
includes the step of determining the value of the second
duration for the beat cycle from the time of detecting of the
third electrical depolarization event within the beat cycle
and from the preset values of the first duration of the alert
window, the first delay and the maximal allowable duration
of the non-excitatory signal.

[0036] Furthermore, in accordance with another preferred
embodiment of the present invention, the second duration is
larger than the value obtained by subtracting the time of
detecting of the third electrical depolarization event from the
sum of the first delay, the first duration, the second delay and
the maximal allowable duration of the non-excitatory signal.

[0037] Furthermore, in accordance with another preferred
embodiment of the present invention, the first site is located
in or about the right ventricle of the heart and the second site
is located in or about the left ventricle of the heart.

[0038] Furthermore, in accordance with another preferred
embodiment of the present invention, the first site is located
in or about the right atrium of the heart and the second site
is located in or about the left ventricle of the heart.

[0039] Furthermore, in accordance with another preferred
embodiment of the present invention, the method further
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includes the step of pacing the heart within the beat cycle by
delivering a pacing pulse to the heart prior to the step of
applying.

[0040] Furthermore, in accordance with another preferred
embodiment of the present invention, the delivering of the
pacing pulse includes applying the pacing pulse to an
electrode selected from the first electrode, the second elec-
trode and a third electrode applied to a third site of the heart.

[0041] Furthermore, in accordance with another preferred
embodiment of the present invention, the first site is located
in or about the right ventricle of the heart and the second site
is located in or about the left ventricle of the heart.

[0042] Furthermore, in accordance with another preferred
embodiment of the present invention, the step of pacing
includes pacing the right ventricle by applying a pacing
pulse to the first electrode or to a pacing electrode applied to
the right ventricle.

[0043] Furthermore, in accordance with another preferred
embodiment of the present invention, the step of pacing
includes pacing the left ventricle by applying a pacing pulse
to the second electrode or to a pacing electrode applied to the
left ventricle.

[0044] Furthermore, in accordance with another preferred
embodiment of the present invention, the step of pacing
includes pacing the right atrium of the heart by delivering a
pacing pulse to the right atrium through a third electrode
applied to the right atrium.

[0045] Furthermore, in accordance with another preferred
embodiment of the present invention, the first site is located
in or about the right atrium of the heart and the second site
is located in or about the left ventricle of the heart.

[0046] Furthermore, in accordance with another preferred
embodiment of the present invention, the first electrode is
applied to the right atrium of the heart, the second electrode
is applied to the left ventricle of the heart and the third
electrode is applied to the right atrium of the heart.

[0047] Furthermore, in accordance with another preferred
embodiment of the present invention, the first electrode is
applied the right atrium of the heart, the second electrode is
applied to the left ventricle of the heart and the third site is
the right ventricle of the heart.

[0048] Furthermore, in accordance with another preferred
embodiment of the present invention, the method further
includes the step of pacing the heart by delivering a pacing
pulse to the heart prior to said step of applying through at
least one electrode selected from the first electrode, the
second electrode and a third electrode applied to a third site
of the heart.

[0049] Furthermore, in accordance with another preferred
embodiment of the present invention, the first site is located
in or about the right ventricle of the heart, the second site is
located in or about the left ventricle of the heart and the third
site is the right atrium of the heart.

[0050] Furthermore, in accordance with another preferred
embodiment of the present invention, the detecting of at
least one of the first step of sensing and the second step of
sensing includes detecting a depolarization event using an
event detection method selected from a threshold crossing
detection method, a detection method based on one or more
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morphological parameters of the electrical activity, a slope
based detection method, and any combination thereof.

[0051] Furthermore, in accordance with another preferred
embodiment of the present invention, the first electrical
depolarization event is an electrical depolarization wave
initiated by the intrinsic pacing activity of the heart or by a
pacing pulse delivered to the heart.

[0052] Furthermore, in accordance with another preferred
embodiment of the present invention, the second electrical
depolarization event is an electrical depolarization wave
initiated by the intrinsic pacing activity of the heart or by a
pacing pulse.

[0053] Furthermore, in accordance with another preferred
embodiment of the present invention, the applying of the
non-excitatory signal of the step of applying is performed
through the second electrode of the second step of sensing.

[0054] Furthermore, in accordance with another preferred
embodiment of the present invention, the applying of the
step of applying is performed in response to the detection of
the earliest of the at least second electrical depolarization
event detected within the alert window period.

[0055] Furthermore, in accordance with another preferred
embodiment of the present invention, the method further
includes the step of initiating an alert refractory period in
response to the detection of the earliest occurring electrical
depolarization event within the alert window period. The
alert refractory period starts at the time of detection of the
earliest occurring electrical depolarization event and has a
third duration. The alert refractory period ends within the
duration of the beat cycle. During the alert refractory period
the sensing and the detecting of the second step of detecting
at the second site are disabled.

[0056] Furthermore, in accordance with another preferred
embodiment of the present invention, the third duration of
the alert refractory period is a preset value.

[0057] Furthermore, in accordance with another preferred
embodiment of the present invention, the third duration of
the alert refractory period is larger than the sum of the first
duration, the second delay and the maximal allowable dura-
tion of the non-excitatory signal.

[0058] There is further provided, in accordance with
another preferred embodiment of the present invention,
apparatus for timing the delivery of a non-excitatory signal
to the heart within a cardiac beat cycle of the heart. The
apparatus includes a plurality of electrodes adapted to be
implanted in the heart. The apparatus also includes an
excitable tissue control unit operatively connected to at least
one of the plurality of electrodes for delivering the non-
excitatory signal to the heart. The apparatus further includes
a detecting unit operatively connected to a first electrode of
the plurality of electrodes for sensing electrical activity in a
first cardiac site and for detecting a first electrical depolar-
ization event within the beat cycle. The detection unit is also
connected to a second electrode of the plurality of electrodes
for sensing electrical activity in a second cardiac site and for
detecting at least a second electrical depolarization event
within the beat cycle. The apparatus also includes a con-
troller unit operatively connected to the excitable tissue
control unit and the detection unit for controlling the opera-
tion of the excitable tissue control unit and the detection
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unit, for receiving from the detection unit signals represent-
ing the detection of the first electrical depolarization event
and the second electrical depolarization event and for con-
trolling the delivery, through at least one of the plurality of
electrodes, of the non-excitatory signal to the second cardiac
site or in the vicinity thereof in response to the detecting of
the second electrical depolarization event by the detection
unit within an alert window period. The alert window period
starts at a first delay from the time of detection of the first
electrical depolarization event and has a first duration. The
applying is delayed from the time of detecting of the second
electrical depolarization event. The apparatus also includes
a power source for providing power to the excitable tissue
control unit, the detection unit and the controller unit.

[0059] Furthermore, in accordance with another preferred
embodiment of the present invention, the controller is
adapted to inhibit the applying of the non-excitatory signal
in response to receiving from the detecting unit a signal
representing the detecting at the second site of a third
electrical depolarization event preceding the second electri-
cal depolarization event. The third electrical depolarization
event is detected within an inhibition window period. The
inhibition window period starts at a second delay from the
time of detection of the first electrical depolarization event
and terminates at or before the time of starting of the alert
window period. The second delay is smaller than the first
delay.

[0060] Furthermore, in accordance with another preferred
embodiment of the present invention, the controller is
adapted for initiating an inhibition refractory period. The
inhibition refractory period is initiated by the signal repre-
senting the detecting at the second site of the third electrical
depolarization event by the detection unit. The inhibition
refractory period has a second duration. The controller is
adapted for disabling the sensing by the detecting unit of the
electrical activity in the second site during the inhibition
refractory period.

[0061] Furthermore, in accordance with another preferred
embodiment of the present invention, the second duration of
the inhibition refractory period is a preset duration.

[0062] Furthermore, in accordance with another preferred
embodiment of the present invention, the second duration of
the inhibition refractory period is equal to or larger than the
value obtained by summing the inhibition window period,
the first duration, the second delay and the maximal allow-
able duration of the non-excitatory signal.

[0063] Furthermore, in accordance with another preferred
embodiment of the present invention, the controller is
adapted to determine the value of the second duration for the
inhibition refractory period from the time of detecting of the
third electrical depolarization event within the beat cycle
and from the preset values of the first duration of the alert
window, the first delay and the maximal allowable duration
of the non-excitatory signal.

[0064] Furthermore, in accordance with another preferred
embodiment of the present invention, the second duration is
larger than the value obtained by subtracting the time of
detecting of the third electrical depolarization event from the
sum of the first delay, the first duration, the second delay and
the maximal allowable duration of the non-excitatory signal.

[0065] Furthermore, in accordance with another preferred
embodiment of the present invention, the detecting unit is
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adapted for detecting at least one of the first electrical
depolarization event and the second electrical depolarization
event by using an event detection method selected from a
threshold crossing detection method, a detection method
based on one or more morphological parameters of the
electrical activity, a slope based detection method, and any
combination thereof.

[0066] Furthermore, in accordance with another preferred
embodiment of the present invention, the detecting unit is
selected from an analog detecting unit and a digital detecting
unit.

[0067] Furthermore, in accordance with another preferred
embodiment of the present invention, the controller unit is
selected from a central processing unit, a micro-controller
unit, a digital signal processing unit, a computer, a work-
station, and any combination thereof.

[0068] Furthermore, in accordance with another preferred
embodiment of the present invention, the apparatus further
includes an implantable housing. The power unit, the detect-
ing unit, the excitable tissue control unit and the controller
unit are contained within the housing.

[0069] Furthermore, in accordance with another preferred
embodiment of the present invention, the apparatus further
includes a telemetry unit disposed within the housing and
operatively connected to the controller.

[0070] Furthermore, in accordance with another preferred
embodiment of the present invention, the plurality of elec-
trodes is implanted within the patient, and the excitable
tissue control unit, the detecting unit, the controller unit and
the power unit are disposed outside of the patient.

[0071] Furthermore, in accordance with another preferred
embodiment of the present invention, the first electrode is
implanted in or about the right ventricle of the heart and the
second electrode is implanted in or about the left ventricle of
the heart.

[0072] Furthermore, in accordance with another preferred
embodiment of the present invention, the first electrode is
implanted in or about the right atrium of the heart and the
second site is located in or about the left ventricle of the
heart.

[0073] Furthermore, in accordance with another preferred
embodiment of the present invention, the apparatus further
includes a pacing unit powered by the power source and
operatively connected to at least one of the plurality of
electrodes for delivering pacing pulses to the heart. The
controller unit is operatively connected to the pacing core
unit for controlling the operation thereof.

[0074] Furthermore, in accordance with another preferred
embodiment of the present invention, the first electrode is
implanted in or about the right ventricle of the heart and the
second electrode is implanted in or about the left ventricle of
the heart.

[0075] Furthermore, in accordance with another preferred
embodiment of the present invention, the first electrode is
operatively connected to the pacing unit for pacing the right
ventricle.

[0076] Furthermore, in accordance with another preferred
embodiment of the present invention, the second electrode is
operatively connected to the pacing unit for pacing the left
ventricle.
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[0077] Furthermore, in accordance with another preferred
embodiment of the present invention, at least one electrode
of the plurality of electrodes is operatively connected to the
pacing unit and is implanted in or about the right atrium for
pacing the right atrium.

[0078] Furthermore, in accordance with another preferred
embodiment of the present invention, the first electrode is
implanted in or about the right atrium of the heart and the
second electrode is implanted in or about the left ventricle of
the heart.

[0079] Furthermore, in accordance with another preferred
embodiment of the present invention, the first electrode is
operatively connected to the pacing unit for pacing the right
atrium.

[0080] Furthermore, in accordance with another preferred
embodiment of the present invention, the second electrode is
operatively connected to the pacing unit for pacing the left
ventricle.

[0081] Furthermore, in accordance with another preferred
embodiment of the present invention, at least one of the
electrodes is implanted in or about the right ventricle of the
heart and is operatively connected to the pacing unit for
pacing the right ventricle.

[0082] Furthermore, in accordance with another preferred
embodiment of the present invention, the controller is
adapted to control the excitable tissue control unit to deliver
the non-excitatory signal in response to the detection of the
earliest electrical depolarization event of the second electri-
cal depolarization event within the alert window period.

[0083] Furthermore, in accordance with another preferred
embodiment of the present invention, the controller is
adapted to initiate an alert refractory period in response to
the detection of the earliest electrical depolarization event
within the alert window period. The alert refractory period
starts at the time of detection of the earliest electrical
depolarization event within the alert window period and has
a third duration. The alert refractory period ends within the
duration of the beat cycle. During the alert refractory period,
the sensing and the detecting of the detecting unit is dis-
abled.

[0084] Furthermore, in accordance with another preferred
embodiment of the present invention, the third duration of
the alert refractory period is a preset value.

[0085] Finally, in accordance with another preferred
embodiment of the present invention, the third duration of
the alert refractory period is larger than the sum of the first
duration, the second delay and the maximal allowable dura-
tion of the non-excitatory signal.

BRIEF DESCRIPTION OF THE DRAWINGS

[0086] The invention is herein described, by way of
example only, with reference to the accompanying drawings,
in which like components are designated by like reference
numerals, wherein:

[0087] FIG. 1 a schematic diagram representing a typical
lead placement configuration of an ETC device for deliver-
ing ETC non-excitatory signals to the heart, in accordance
with a preferred embodiment of the present invention;
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[0088] FIG. 2 is a schematic diagram useful in under-
standing the method of using an alert window for timing the
delivery of ETC signals useful in operating the device of
FIG. 1, in accordance with a preferred embodiment of the
present invention;

[0089] FIG. 3 is a schematic functional block diagram
illustrating an implantable device 21 for pacing the heart and
for delivering ETC signals to the heart using the method of
timing of the non excitatory signal, in accordance with a
preferred embodiment of the present invention;

[0090] FIG. 4 is a schematic functional block diagram
illustrating an implantable device for delivering ETC signals
to the heart using the method of timing of the non excitatory
signal, in accordance with a preferred embodiment of the
present invention;

[0091] FIG. 5 is a schematic functional block diagram
illustrating a system including a non-implanted device and
implantable electrodes for pacing the heart and for deliver-
ing ETC signals to the heart using the method of timing of
the non excitatory signal, in accordance with a preferred
embodiment of the present invention;

[0092] FIG. 6 is a schematic functional block diagram
illustrating a system 70 including a non-implanted device
having implantable electrodes for delivering ETC signals to
the heart using the method of timing of the non excitatory
signal, in accordance with a preferred embodiment of the
present invention; and

[0093] FIGS. 7 and 8 are schematic diagrams useful in
understanding the method of timing of delivery of ETC
signals of the present invention.

DETAILED DESCRIPTION OF THE INVEN-
TION

Notation Used Throughout
The following notation is used throughout this document.

Term Definition

RV Right ventricle

RA Right atrium

v Left ventricle

SE Sensed Event

PE Paced Event

ETC Excitable Tissue Control

PVC Premature Ventricular Contraction

IEGM Intra-cardiac Electrogram

svC Superior Vena Cava

GCV Great Cardiac Vein

CS Coronary Sinus

CHF Congestive Heart Failure

PAC Premature Atrial Contraction
[0094]

[0095] Typically, ETC signal delivery is timed relative to
a sensed signal representing the depolarization wave locally
sensed at or near the site of the electrodes used for ETC
signal delivery. This signal may be a biphasic or polyphasic
intra-cardiac electrogram (IEGM) signal sensed by a lead or
catheter including one or more electrodes capable of sensing
an IEGM signal and of delivering pacing pulses. The depo-
larization wave represented by the IEGM is an electrical
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event caused by spreading myocardial electrical excitation
evoked by the natural pacemaker of the heart (normally the
Sino-atrial node) in which case the event is referred to as a
sensed event (SE), or by a pacing pulse delivered to the
myocardium by, in which case the event is referred to as a
paced event (PE). The IEGM signal may also include
electrical depolarizations caused by ectopic myocardial acti-
vation such as premature atrial contractions (PAC) or pre-
mature ventricular contraction (PVC). Furthermore, the
IEGM signal may include artifacts caused by electrical
noise.

[0096] Reference is now made to FIG. 1 which is a
schematic diagram representing a typical lead placement
configuration of an ETC device for delivering ETC non-
excitatory signals to the heart, in accordance with a preferred
embodiment of the present invention. The device 1 may be
an ETC device capable of delivering non-excitatory ETC
signals to the heart, or an ETC/pacemaker device capable of
delivering non-excitatory ETC signals to the heart and of
pacing the heart if necessary. The device 1 includes an
implantable housing or case 3 for housing the electronic
circuitry 5 of the ETC or ETC/pacemaker device (not shown
in detail in FIG. 1) of the device 1 which is illustrated in
detail hereinafter. A pacing/sensing lead 2 is suitably con-
nected to the case 3 and operatively connected to the
circuitry 5.

[0097] The lead 2 includes an electrode 2A applied to the
right atrium (RA) 8. The electrode 2A is used for sensing
SEs and for delivering pacing pulses if necessary. The left
atrium 7 (LA) is also shown in FIG. 1. The pacing lead 2
may be inserted into the RA 8 through the sub-clavian vein
and the superior vena cava (SVC), but other methods of
insertion are also possible. Another pacing/sensing lead 4 is
connected to the case 3 and operatively connected to the
circuitry 5. The lead 4 includes an electrode 4A which is
applied the right ventricle (RV) 9 and is used for sensing
right ventricular SEs and PEs and for delivering pacing
pulses if necessary. The lead 4 may be inserted into the RV
through the subclavian vein and the superior vena cava
(SVO), but other methods of insertion are also possible. A
third lead 6 is also suitably connected to the case 3 and
operatively connected to the circuitry 5. The lead 6 includes
an electrode 6 A which is applied to the wall of a lateral vein
of the great cardiac vein (GCV) and is used for local sensing
of SEs and PEs in the left ventricle (LV) 10 and for
delivering non-excitatory ETC signals to the LV 10 if
required.

[0098] The lead 6 may be inserted through the sub-clavian
vein, passing through the SVC, the right atrium, the coro-
nary sinus (CS) and the GCV and reaching a lateral vein of
the GCV, but other methods of insertion of the leads 6 into
or about the left ventricle (LV) are also possible. The
implantable case 3 is typically implanted in a thoracic
sub-cutaneous pocket (not shown), but other implantation
positions are also possible. It is noted that the above dis-
closed lead placements and insertion paths and the case
placement are given by way of example only and that other
electrode placements and lead insertion paths and case
placements are also possible.

[0099] Tt is noted that while each of the single electrodes
2A, 4A and 6A of the device 1 of FIG. 1 may be used for
sensing with respect to a common reference point such as the
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case 3 of the device 1, other preferred embodiments of the
present invention may use pairs of locally applied electrodes
(not shown) which may be used for local differential sens-
ing. For example, The lead 2 may include a pair of electrodes
(not shown) which are applied to the RA 8 for local sensing,
the lead 4 may include a pair of electrodes (not shown)
which are applied to the RV 9 for local sensing and the lead
6 may include a pair of electrodes (not shown) which are
applied to the LV 10 for local sensing.

[0100] Tt is further noted that while the electrode 2A of the
lead 2 is used for both sensing and pacing the RA 8, in other
preferred embodiments of the present invention the lead 2
may include additional electrodes or electrode pairs (not
shown) such that one or more electrode or electrode pair is
used for sensing in the RA 8 while other separate elec-
trode(s) or electrode pairs are used for pacing the RA 8.
Similarly, In accordance with a preferred embodiment of the
present invention, The lead 4 may include more than one
electrode or pair of electrodes (not shown) which may be
separately used for sensing and for pacing the right ventricle
9. Yet similarly, The lead 6 may include more than one
electrode or electrode pairs (not shown) of which one or
more electrode or electrode pair is used for sensing in the left
ventricle 10 and one or more additional electrodes or elec-
trode pairs are used for delivering non-excitatory ETC
signals to the left ventricle 10.

[0101] Tt will therefore be appreciated by those skilled in
the art, that the number and arrangement of the electrodes
within the leads 2, 4 and 6 may be varied in many ways and
many combinations all being within the scope and spirit of
the present invention.

[0102] Various types of electrodes and electrode position-
ing methods known in the art may be used for sensing and
pacing and for delivering ETC signals to the heart. One or
more of the electrodes or electrode pairs 2A, 4A and 6 A may
be implanted within a cardiac chamber and placed in contact
with the endocardium as disclosed hereinabove. One or
more of the electrodes or electrode pairs 2A, 4A and 6 A may
also be disposed within a cardiac blood vessel, such as a
lateral vein of the GCV or another suitable cardiac blood
vessel, and used for sensing and/or pacing and/or delivering
ETC signals to the myocardial tissue adjacent to or in
contact with the blood vessel wall. One or more of the
electrodes or electrode pairs 2A, 4A and 6A may also be
epicardial electrodes which may be epicardially applied to
the heart as is well known in the art.

[0103] Typically, ETC signals are delivered to the left
ventricle via the electrode(s) 6A of lead 6. The timing of the
ETC signal is triggered by locally sensing in the LV the
depolarization wave of the PE or the SE, using the sensing/
pacing electrode(s) 6A of the lead 6. The sensing/pacing
electrode(s) 6A of the lead 6 is also used as the ETC delivery
electrode.

[0104] To facilitate correct timing of the ETC delivery,
measures need to be taken so that ETC signal delivery is not
triggered by local LV sensing of noise, premature ventricular
contractions (PVCs), premature atrial contractions (PACs)
or by delayed sensing of remote events such as a right
ventricular depolarization. One possible approach is the
restricting of the local sense triggering for ETC delivery to
a predefined time window.

[0105] The use of a predefined time window for other
different purposes such as to detect activation for capture
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verification in pacemakers is known in the art. U.S. Pat. No.
5,443,485 to Housworth et al. discloses the use of a timing
window to detect a paced stimulation pulse for achieving
capture verification to ensure that the pacing pulse energy is
high enough.

[0106] U.S. Pat. No. 5,683,431 to Wang discloses a
method for performing pacemaker capture verification using
electrodes different than the pacing electrodes to sense the
activation evoked by the pacing pulse.

[0107] U.S. Pat. No. 5,391,192 to Lu et al. discloses a
method for externally determining the minimum energy of a
pacing pulse for capture verification using window based
detection of activation.

[0108] Reference is now made to FIG. 2 which is a
schematic diagram useful in understanding a method using
an alert window for timing the delivery of ETC signals
useful in operating the device of FIG. 2, in accordance with
a preferred embodiment of the present invention. The detec-
tion time window is referred to as the “alert window”
throughout the present application.

[0109] The horizontal axis of FIG. 2 represents time. The
arrow labelled 11 schematically represents the timing of a
depolarization event 11 locally sensed in the RV by one or
more electrodes (not shown) of the lead 4 of FIG. 1. The
time T, represents the time of detection of the RV event.
Typically, the time T, represents the time point at which a
threshold crossing occurs. However, T, may also represent
the time of event detection obtained by other methods
known in the art for cardiac event detection such as detection
methods based on the shape of the signal (also known as
signal morphology based detection methods) or other suit-
able detection methods known in the art. The RV event 11
may represent a locally sensed RV depolarization initiated
by a naturally occurring SA node evoked atrial event (not
shown) or initiated by artificial atrial pacing. The RV event
11 may also represent a locally sensed RV depolarization
initiated by a pacing pulse delivered to the RV through an
electrode (not shown) included in the lead 4 of FIG. 1. After
the time Ty, a local sense “refractory” period labeled AT1
begins. The refractory period AT1 ends at time Tg. During
the refractory period AT1 no sensing is performed. This
refractory period is used to avoid the electrical pacing
artifact due to electrode polarization and/or electrode cross-
talk. The refractory period may also be useful in avoiding
electrical artifacts due to far field sensing as is well known
in the art.

[0110] Typically, the duration of the refractory period AT1
is approximately 10-15 milliseconds but other values may be
used depending, inter alia, on the specific application, elec-
trode type, and detection method used. It is noted that, in
accordance with one preferred embodiment of the present
invention, the value of the refractory period duration may be
set to AT1=0. In such an embodiment no refractory period
AT1 is implemented.

[0111] A local sense alert window having a duration AT3
starts at time T, and ends at time T;. The time interval
between time points T, and T, is defined as the alert window
delay interval AT2 which is the delay between time of
detection of the depolarization event 11 and the beginning of
the alert window AT3.

[0112] The arrow labeled 12 of FIG. 2 schematically
represents the occurrence of a depolarization event locally
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sensed in the LV. For example, the locally sensed event 12
may be sensed by a sensing electrode (not shown) or by an
ETC signal delivery electrode (not shown) included within
the lead 6 of FIG. 1. The time T, represents the time of
detection of the LV depolarization event 12. Typically, the
time T, represents the time point at which a threshold
crossing occurs as is disclosed hereinbelow. However, T,
may also represent the time of event detection obtained by
other methods known in the art for cardiac event detection.

[0113] An article titled “NEURAL NETWORK BASED
ADAPTIVE MATCHED FILTERING FOR QRS DETEC-
TION” by Xue et al., published in IEEE Transactions on
Biomedical engineering, Vol. 39, No. 4 pp. 317-329 (1992)
and incorporated herein by reference, discloses an adaptive
matched filtering algorithm based on an artificial neural
network for QRS detection.

[0114] An article titled “IDENTIFICATION OF VEN-
TRICULAR TACHYCARDIA WITH USE OF THE MOR-
PHOLOGY OF THE ENDOCARDIAL ELECTROGRAM”
by Langberg et al., published in Circulation, Vol. 77, No. 6
pp. 1363-1369 (1988) and incorporated herein by reference,
discloses the application of a template to derive morpho-
logical parameters of unipolar and bipolar electrogram sig-
nals for detecting tachycardia.

[0115] An article titled “CLASSIFICATION OF CAR-
DIAC ARRHYTHMIAS USING FUZZY ARTMAP” by F.
M. Ham and S. Han, published in IEEE Transactions on
Biomedical engineering, Vol. 43, No. 4 pp. 425-430 (1996)
and incorporated herein by reference, discloses the use of a
fuzzy adaptive resonance theory mapping (ARTMAP) neu-
ral net classifier for classifying QRS complexes under
normal and abnormal conditions.

[0116] U.S. Pat. No. 5,782,876 to Flammang titled
“METHOD AND APPARATUS USING WINDOWS AND
AN INDEX VALUE FOR IDENTIFYING CARDIAC
ARRHYTHMIAS”, incorporated herein by reference, dis-
closes the use of the sensed electrogram slope (derivative of
ECG) for morphological electrogram detection in a device
for identifying cardiac arrhythmias.

[0117] The above referenced morphological signal detec-
tion methods, as well as other signal morphology based
detection methods known in the art, may be adapted for
detection of the depolarization events within the IEGM
signals of the present invention.

[0118] The detection of the LV sensed event 12 at time T,
triggers the delivery of an ETC signal represented by the
cross hatched area labeled ETC. The ETC signal starts at a
time point T, separated from T, by a delay interval AT4. The
ETC signal has a duration ATS.

[0119] Preferably, the value of the duration of the ETC
signal AT5 is a variable duration and may vary from one beat
cycle to another in accordance with the required modifica-
tion of myocardial contractility. Typically, the duration and
or other parameters of the ETC signal may be modified
based on the current value of the heart rate. The methods for
determining the required ETC signal duration ATS are not
the subject matter of the present invention and will not be
disclosed in detail hereinafter.

[0120] It is noted that, in accordance with other preferred
embodiments of the present invention, the duration of the
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ETC signal ATS may be a constant value which does not
vary from one beat cycle to another beat cycle.

[0121] The ETC signals may have various waveforms,
durations and intensities as disclosed in detail by Ben Haim
et al. in the above referenced International Publications No.
WO 97/25098, WO 98/10828, WO 98/10829, WO
98/10830, WO 98/10831 and WO 98/10832. The character-
istics of the delivered ETC signals are not the subject of the
present invention and will not be further discussed herein-
after.

[0122] Only a locally sensed depolarization event detec-
tion occurring within the duration of the alert window AT3
is used to trigger an ETC signal. The detection of an
electrical depolarization event happening outside the alert
window will not result in triggering of an ETC signal. This
has the advantage of reducing the probability of delivering
an improperly timed ETC signal due to electrical noise
occurring outside the preset duration of the alert window
AT3. However, if a depolarization event (not shown) due to
an ectopic beat is detected between the time T, and the time
T, in a case where the refractory period AT1 is not used, or
between the time Ty and the time T, in a case where the
refractory period AT1 is used, and then a later depolarization
event (not shown) is detected within the duration of the alert
window AT3, the triggering of an ETC signal by the later
occurring depolarization event may result in an improperly
timed ETC signal. Therefore, In order to prevent such
improper timing, the timing method may further include an
inhibitory window ATI. Any depolarization event which is
detected within the duration of the inhibition window ATI
will result in the inhibiting of ETC signal delivery within the
current beat cycle as disclosed in detail hereinbelow.

[0123] In accordance with one preferred embodiment of
the present invention, ATI=AT2-AT1, in such a preferred
embodiment the inhibition window ATI starts at the end of
the refractory period AT1 and ends at the beginning of the
alert window AT3. If no refractory period is used (AT1=0),
the inhibition window spans the entire alert window delay
interval AT2. However, in accordance with other preferred
embodiments of the timing method of present invention, the
end of the inhibition period ATI may be separated from the
beginning of the alert window AT3 by an intermediate time
interval (not shown in FIG. 2 for the sake of clarity of
illustration). The detection of a depolarization event within
the duration of such an intermediate time interval will not
result in the inhibition of triggering of an ETC signal by a
later depolarization event detected within the duration of the
alert window AT3.

[0124] 1If a depolarization event was detected in the [EGM
signal which is locally sensed in the left ventricle 10 within
the duration of the inhibition window ATI, ETC signal
delivery is inhibited such that later occurrence of a depo-
larization event within a preset “inhibition refractory period”
(not shown in FIG. 2 for the sake of clarity of illustration)
of the current beat cycle will not result in a delivery of an
ETC signal. This feature has the advantage that it reduces the
probability of erroneous detection of spurious noise or of
ectopic beats such as PVCs or PACs and the subsequent
triggering of the delivery of an incorrectly timed ETC signal.
The details of the implementation of the inhibition refractory
period are disclosed in detail hereinafter (with reference to
FIG. 7)
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[0125] Typically, the local sensing sensitivity is adjusted
such that, only events of a certain amplitude will be detected.
This is achieved by setting a detection threshold. Threshold
crossing detection methods for electrical signals are well
known in the art and are not the subject matter of the present
invention. Such threshold crossing detection methods are
commonly used in pacemakers for sensed event detection.

[0126] Briefly, any acceptable detection method based on
threshold crossing of one or more threshold levels may be
used with the present invention. For example, the sensed
electrogram may be biphasic, and two threshold levels may
be used including a positive threshold level and a negative
threshold level. Alternatively, full wave rectification of the
electrogram may be used to obtain a signal which is positive
only, such that a single positive threshold level may be used.
Additionally, other methods of detection may be used which
are based on signal morphology as disclosed in detail
hereinabove.

[0127] Since multiple threshold crossings may occur dur-
ing the same depolarization event or during noise signals,
ambiguity may arise as to which threshold crossing should
be used as the trigger. This may be solved by triggering by
the first threshold crossing in the window and by imple-
menting an “alert refractory period”AT7 following the first
threshold crossing of the LV sensed event 12 at time T, to
prevent multiple triggering by multiple threshold crossings
occurring within a single depolarization wave representing a
single event. The alert refractory period AT7 starts at the
time T, and has a fixed duration represented by the double
headed arrow labeled AT7. During the alert refractory period
AT7 no sensing is performed so that additional triggering
cannot happen during the period AT7.

[0128] 1t is noted that, since the first threshold crossing
due to an LV sensed event 12 may happen at any time during
the alert window AT3, and since the duration of the ETC
signal AT5 may be varied from one beat cycle to another (for
varying the effects of the ETC signal on myocardial con-
traction), the duration of the alert refractory period AT7 is
set such that it is larger than the sum of the durations of the
alert window AT3, the delay interval AT4 and the maximal
allowable duration ATS5,,;, of the ETC signal. The maximal
allowable duration ATS,,, is a preset value.

[0129] Thus, AT7>AT3+AT4+ATS5, . This ensures that
no further threshold crossings will be sensed and detected
after the first threshold crossing detection until the ETC
signal has ended, irrespective of the time of occurrence of
the first threshold crossing detection T, within the alert
window duration AT3 and of the specific duration ATS of the
ETC signal delivered within the current beat cycle.

[0130] Typically, the duration AT3 of the alert window is
approximately 30 milliseconds, the duration of the delay
interval AT4 is approximately 60 milliseconds and the
maximal allowable duration ATS,, ., of the ETC signal is
approximately 20-30 milliseconds. However, other values of
AT3, AT4 and ATS,, .5, may be used.

[0131] A typical value of the duration of the alert refrac-
tory period AT7 is therefore approximately 150-200 milli-
seconds. However, other values of the duration of the alert
refractory period AT7 may be used depending, inter alia, on
the particular values of AT3 , AT4 and ATS,,,x used. The
duration of the alert refractory period AT7 is a preset value
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and does not change from one beat cycle to another. How-
ever, The duration of the alert refractory period AT7 may be
changed if necessary by appropriately reprogramming the
software embedded within the device 1 telemetrically or
non-telemetrically (depending on the specific hardware
implementation of the device 1).

[0132] For the sake of simplicity, the method of the
present invention will be disclosed as using a single positive
threshold level. A certain positive threshold voltage level is
set for the pacemaker/ETC device. A crossing of this thresh-
old level by the IEGM signal occurring within the time
interval between Ty and T; will be detected as an event. For
example, the detection threshold may be set as +3.0 milli-
volts but other suitable threshold levels may be used for
detection.

[0133] Reference is now made to FIG. 3 which is sche-
matic functional block diagram illustrating an implantable
device 21 for pacing the heart and for delivering ETC signals
to the heart using the method of timing of the non excitatory
signal, in accordance with a preferred embodiment of the
present invention. The implanted pacemaker/ETC device 21
includes a pacing core 34 for providing pacing pulses to the
RA and RV pacing electrodes (not shown) of the implantable
leads 22. The pacemaker/ETC device 21 further includes
sense amplifier units 36 for amplifying the RA, RV and LV
signals locally sensed by the sensing electrodes (not shown)
of the implantable leads 22. For example, when the pace-
maker/ETC device 21 represents the pacemaker/ETC device
1 of FIG. 1, one of the sense amplifier units 36 receives the
signal locally sensed in the RA 8 from lead 2 of FIG. 1,
another of the sense amplifier units 36 receives the signal
locally sensed in the RV 9 from lead 4 of FIG. 1 and a third
one of the sense amplifier units 36 receives the signal locally
sensed in the LV 10 from the lead 6 of FIG. 1.

[0134] The pacemaker/ETC device 21 further includes
sensing units 38 suitably connected to a controller unit 40.
The sensing units 38 receive the amplified locally sensed
signals from the amplifier units 36 and provide trigger
signals to the controller unit 40 for activating the pacing core
as is known in the art. The pacemaker/ETC device 21 further
includes timing units 42, connected to the controller unit 40
for providing the controller unit 40 with clock signals, and
a memory unit 44 suitably connected to the controller unit
40. The controller 40 can store data in the memory unit 44
and can access the data stored in the memory unit 44 for
processing the accessed data and/or for sending data to a
telemetry unit 26 for telemetrically communicating the data
to a receiving station (not shown) placed outside of the
patient. The memory unit 44 may include random access
memory (RAM) units (not shown), read only memory
(ROM) units (not shown), other suitable type of memory
units known in the art, or any suitable combination of
memory unit types.

[0135] It is noted that the pacemaker/ETC device 21 when
connected to implantable leads having the configuration of
leads 2, 4, and 6 of FIG. 1, may function, inter alia, as a
pacemaker in a DDD mode, including, inter alia, the ability
to detect PVCs as is known in the art.

[0136] The telemetry unit 26 is used for wirelessly trans-
mitting data stored in memory unit 44 under the control of
the controller unit 40. The pacemaker/ETC device 21 further
includes an excitable tissue controller (ETC) unit 50. The
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ETC unit 50 is suitably connected to the controller unit 40
and to one or more ETC electrodes (not shown) within the
leads 22. For example, when the pacemaker/ETC device 21
represents the pacemaker/ETC device 1 of FIG. 1, the ETC
unit 50 is connected to the ETC signal delivering electrode
6A of the lead 6 of FIG. 1. However in other preferred
embodiments of the present invention, the ETC unit 50 may
be connected to one or more ETC electrodes or ETC
electrode pairs (not shown) which are used for delivering
ETC signals. The controller unit 40 controls the delivery of
ETC signals to the myocardium by timing the delivery of
suitable control signals to the ETC unit 50.

[0137] Reference is now made to FIG. 4 which is sche-
matic functional block diagram illustrating an implantable
device for delivering ETC signals to the heart using the
method of timing of the non excitatory signal, in accordance
with a preferred 12345 embodiment of the present invention.
The device 24 is similar to the device 22 of FIG. 3 except
that it does not include the pacing core 34 of the device 22
of FIG. 3.

[0138] The device 24 may be used in patients where ETC
signals need to be delivered to the heart but pacing of the
heart is not required, such as but not limited to congestive
heart failure (CHF) patients. CHF patients may have an
unimpaired cardiac conduction system and may exhibit no
chronotropic incompetence and no conduction abnormalities
or blocks . In the cases where the device 24 is used for
delivering ETC signals to the heart, the electrodes (not
shown) in the implantable leads 22 are used for sensing and
for delivering ETC signals and are not used for pacing the
heart.

[0139] Reference is now made to FIG. 5 which is sche-
matic functional block diagram illustrating a system includ-
ing a non-implanted device and implantable electrodes for
pacing the heart and for delivering ETC signals to the heart
using the method of timing of the non excitatory signal, in
accordance with a preferred embodiment of the present
invention. The system 60 includes a plurality of implantable
leads 22 implanted within a patient (the patient is not shown)
and an external ETC device 64. The plurality of implantable
leads 22 may include, for example, the leads 2, 4 and 6 of
FIG. 1. However, the plurality of leads 22 may include any
other suitable combinations of leads including a plurality of
sensing, pacing and ETC electrodes (not shown in detail)
positioned in two or more chambers of the heart as disclosed
for the devices 1, 21 and 24 hereinabove.

[0140] The plurality of leads 22 are implanted in the
patient’s heart and are then suitably connected to the ETC
device 64 which includes the necessary electronic circuitry
for sensing electrical activity in the heart, for pacing the
heart if necessary and for delivering ETC non-excitatory
signals to the heart using the method of timing the delivery
of ETC signals to the heart in accordance with the method
of the present invention as disclosed in detail hereinabove
and illustrated if FIG. 2.

[0141] The ETC device 64 includes a processing unit 61,
a front-end unit 62, an analog to digital converting unit
(A/D) 63, a pacing unit 68 and an ETC unit 65. The front end
unit 62 is suitably connected to one or more of the sensing
electrodes of the leads 22 and to the processing unit 61 for
pre-conditioning one or more IEGM signals sensed by these
one or more sensing electrode. The front-end unit 62 may
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include suitable circuitry such as one or more amplifier
circuits (not shown) for amplifying the IEGM signals sensed
by the one or more sensing electrodes. The front-end unit 62
may also include filter circuits (not shown) for filtering the
amplified signals prior to digitizing them by the A/D unit 63.
The front-end unit 62 is suitably connected to the AND unit
63 and provides amplified or amplified and filtered [IEGM
signals thereto for digitizing.

[0142] The AND unit 63 may include one or more separate
AND converters (not shown) each AND converter being
dedicated to a single sensing electrode of the one or more
sensing electrodes included within one or more of the leads
22. Alternatively, the A/D unit 63 may include a single AND
converter (not shown) suitably connected to a plurality of
sensing electrodes of the leads 22 through a multiplexer unit
(not shown). The digitized IEGM signals are provided to the
processing unit 61 by the AND unit 63 for further process-
ing. The processing unit 61 digitally performs the detection
of events based on the digitized IEGM data provided by the
AND unit 63. The analyzing unit further includes a memory
unit 66 suitably connected to the processing unit 61 for
storing data.

[0143] The pacing unit 68 is suitably connected to the
processing unit 61 and to one or more pacing electrodes of
the leads 22. The pacing unit 68 receives control signals
from the processing unit 61 for controlling the delivery of
pacing pulses to one or more locations in the heart (not
shown). The pacing unit 68 includes all the necessary
circuitry for delivering pacing pulses to one or more pacing
electrodes. Such circuitry is well known in the art and is not
shown in detail hereinafter.

[0144] Tt is noted that the ETC device 64 when connected
to the implantable leads 22 is capable of performing all the
functions of an implanted pacemaker. For example, when
the leads 22 have the configuration of leads 2, 4, and 6 of
FIG. 1, the ETC device 64 is capable of performing, inter
alia, all the functions of an implanted pacemaker in a DDD
mode. These functions include, inter alia, the ability of
detection of PVCs as is well known in the art.

[0145] The ETC unit 65 is suitably connected to the
processing unit 61 and to one or more ETC signal delivery
electrodes of the implantable leads 22. The ETC unit 65
receives control signals from the processing unit 61 for
controlling the delivery of ETC signals to the heart through
the one or more ETC delivery electrodes of the implantable
leads 22. The ETC unit 65 may be any suitable unit for
delivering ETC signals to the myocardium as disclosed by
Ben Haim et al. in the above referenced International
Publications No. WO 97/25098, WO 98/10828, WO
98/10829, WO 98/10830, WO 98/10831 and WO 98/10832.

[0146] The system 60 further includes a display unit 32
suitably connected to the processing unit 61 for displaying
graphic symbolic and numerical data processed by the
processing unit 61. The data may be presented to the
physician or user operating the system 60. The system 60
may further include a data storage unit 67 for storing data.
The data storage unit 67 may be any suitable data storage
device for storing data on a storage medium such as a
magnetic storage medium, an opto-magnetic storage
medium, an optical storage medium, a holographic storage
medium or any other type of fixed or removable storage
medium. Some non-limiting examples of the storage device
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are, a magnetic hard disk drive, a magnetic floppy disk drive,
an opto-magnetic disk drive, an optical disc drive. The data
stored on the data storage device may include, inter alia,
patient clinical data, patient demographic data, various
IEGM data, data including the alert window parameters and
any other relevant or desired data. The data storage device
may be used for storing data for a plurality of different
patients.

[0147] The system 60 further includes one or more user
interface devices 69 suitably connected to the processing
unit 61 through a suitable communication interface (not
shown) for enabling the user of the system 60 to input data
and commands for controlling the sensing, pacing and ETC
signal delivery operation of the ETC device 64. The user
interface device(s) 69 may be a keyboard, a pointing device
such as a mouse, a light pen in combination with a suitable
touch sensitive screen or tablet, or the like or any other
suitable device for inputting data or commands to the ETC
device 64, or any suitable combination thereof.

[0148] In operation after the leads 22 are implanted in the
heart of the patients and are connected to the analyzing unit
64, the ETC device 64 is operative to pace the heart if
necessary, and to perform the sensing of I[EGM signals and
the delivery of ETC signals to the heart using the method for
determining the timing of delivery of ETC signals using an
alert window and/or inhibition window disclosed in detail
hereinabove and illustrated in FIG. 2. It is noted that the
ETC device 64 is capable of performing all the activities of
an implanted pacemaker/ETC device such as the pacemaker/
ETC device 21 of FIG. 3 except for the telemetry functions.
The ETC device 64 may perform cardiac pacing at one or
more cardiac locations and may controllably deliver ETC
signals to one or more cardiac locations. The performance of
the functions of a pacemaker/ETC device by the ETC device
64 may be achieved by using different methods and/or
different hardware implementation than the methods and
hardware of an implantable pacemaker/ETC device, such as
the pacemaker/ETC device 21 of FIG. 3. For example, while
in the pacemaker/ETC device 21 the event detection is
performed by sensing units 38 which are analog circuits, the
event detection in the analyzing unit 64 is performed by
digitally processing the digitized IEGM data provided by the
A/D unit 63. Additionally, the pacing unit 68 and the ETC
unit 65 may have hardware and software implementations
different than those of the pacing core 34 and the ETC unit
50, respectively, of the pacemaker/ETC device 21 because
of the physical size and current consumption limitations
imposed on the design of the pacing core 34 and the ETC
unit 50 of the pacemaker/ETC device 21 due to the dimen-
sional limitations imposed in an implanted device. These
limitation are not relevant in the non-implanted ETC device
64. However, functionally, the sensing, pacing and ETC
delivery of the analyzing unit 64 are similar to and may be
regarded as simulating the same functions of an implanted of
the pacemaker/ETC device, such as, for example, the func-
tions of the pacemaker/ETC device 21 of FIG. 3.

[0149] Reference is now made to FIG. 6 which is sche-
matic functional block diagram illustrating a system 70
including a non-implanted device having implantable elec-
trodes for delivering ETC signals to the heart using the
method of timing of the non excitatory signal, in accordance
with a preferred embodiment of the present invention.
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[0150] The system 70 includes an ETC device 74 suitably
connected to a plurality of implantable leads 22. The ETC
device 74 is similar to the ETC device 64 of FIG. 5, except
that it does not include the pacing unit 68. The ETC device
74 operates similarly to the ETC device 64, except that it
does not have the pacing capacity of the ETC device 64 and
is therefore not capable of pacing of the heart.

[0151] It is noted that, while the devices 1, 21 and 24 of
FIGS. 1, 3 and 4, respectively, and the systems 60 and 70 of
FIGS. 5 and 6, respectively, may use the single threshold
crossing detection method disclosed in detail hereinabove,
all of these devices and systems may use other detection
methods. The detection methods for detecting depolarization
events in the electrical signals sensed by one or more of the
electrodes included in one or more of the implantable leads
such as the leads 2, 4, and 6 of the device 1 and the plurality
of implantable leads 22 of the devices 21 and 24 and the
systems 60 and 70, may include detection methods known in
the art for detection of locally sensed cardiac depolarization
events based on signal morphology and/or methods based on
multiple threshold crossings and/ or signal slope as disclosed
hereinabove.

[0152] Thus, various detection methods may be used for
detecting the first event occurring within the alert window
time interval AT3 (FIG. 2) as disclosed hereinabove.

[0153] Reference is now made to FIGS. 7 and 8 which are
schematic diagrams useful in understanding the method of
timing of delivery of ETC signals of the present invention.

[0154] In each of FIGS. 7-8, The horizontal axis repre-
sents time and the zero time point of the horizontal axis
represents the time of detection of a depolarization event
locally sensed in the right ventricle 9 (FIG. 1) and is
equivalent to the depolarization event 11 of FIG. 2. The
refractory period AT1, the inhibition window ATI, the alert
window AT3, the delay interval AT4, the ETC signal dura-
tion ATS, and the alert refractory period AT7 of FIGS. 7-8
are as disclosed in detail hereinabove, and illustrated in FIG.
2.

[0155] In FIG. 7, the arrow labeled 80 represents a
depolarization event 80 locally sensed in the left ventricle 10
and detected at the time point represented by the dashed line
labeled Ts. The arrow labeled 82 represents the time of
occurrence of another depolarization 82 occurring in the left
ventricle 10 at a time point which falls within the duration
of the alert window AT3. The time of detection of the
depolarization event 80 falls within the duration of the
inhibition window ATI. Therefore, the delivery of an ETC
pulse in response to the depolarization event 82 is inhibited.
Preferably, the inhibition is implemented by triggering an
“inhibition refractory period”AT6 starting at the time of
detection of the depolarization event 80 and having a
duration AT6. During the inhibition refractory period AT6,
local sensing in the left ventricle 10 is disabled so that no
detection of threshold crossings is possible, effectively
inhibiting the triggering of the delivery of an ETC signal
within the duration of the inhibition refractory period AT6.

[0156] Preferably, the duration of the inhibition refractory
period AT6 is calculated each time a local depolarization
event is detected within the inhibition window ATI of the
current beat cycle, by using the value of Ts and the known
values of AT2, AT3, AT4 and ATS,,,x. For example, the
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value of T5 may be obtained by the software embedded
within the device 1 of FIG. 1 (or embedded within other
devices such as the devices 2124, 64 and 74 of FIGS. 3, 4,
5, and 6, respectively) by starting a timer (not shown) at time
zero and recording the value of T5 upon detection of a
depolarization event, such as the depolarization event 80,
within the duration of the inhibition window ATI. The
method of determining the time of a detected depolarization
is well known in the art and will not be further discussed
hereinafter.

[0157] Preferably, The inhibition refractory period AT6
satisfies the inequality defined in equation 1.

AT6>(AT2-T,)+AT3+ATA+ATS 1150 1)

[0158] After detecting the depolarization event 80, the
duration AT6 is determined by calculating its value using
equation 2.

AT6=(AT2-T,)+AT3+ATA+ATS o +ATX @

[0159] wherein ATX is a predetermined constant time
interval which ensures that the inequality of equation 1 is
satisfied, Typically the value of ATX may be in the range
1-100 milliseconds. However, other values of ATX may be
used depending, inter alia, on the specific implementation of
the method.

[0160] Typically, the duration of the inhibition refractory
period AT6 is in the range of approximately 150-200 mil-
liseconds, depending, inter alia, on the value of T and on the
preset value of ATX. However, other suitable values of the
duration of the inhibition refractory period AT6 may also be
used. Preferably, the total duration of AT6 should not be
excessively long since using an excessively long duration of
the inhibition refractory period AT6 may result in undesir-
able extending of the period of disabling the sensing in the
left ventricle 10 which may prevent the detection of relevant
depolarization events such as, for example, depolarization
events due to ectopic beats.

[0161] It is noted that, the method disclosed hereinabove
for determining the value of T is given by way of example
only, and that other different methods for determining the
time of detection of a depolarization event within the
duration of the inhibition window ATI may be used.

[0162] 1t is noted that, in accordance with another pre-
ferred embodiment of the present invention, the value of the
inhibition refractory period AT6 may a preset value which is
used irrespective of the actual value of Ts. In this preferred
embodiment, the preset value of AT6 used is preferably set
such that it is equal to or larger than the sum of the inhibition
window duration ATI, the alert window duration AT3, the
delay interval AT4 and the maximal allowable duration
ATS5  of the ETC signal (AT6ZATI+AT3+AT44+ATS 14 x)-

[0163] In FIG. 8, the arrow labeled 86 represents the time
of detection of a depolarization event 86 locally sensed in
the left ventricle 10. The depolarization event 86 is locally
sensed in the left ventricle 10 at a time point which falls
within the duration of the alert window AT3. Since no
depolarization is detected within the inhibition window ATI,
the depolarization event 86 which is the earliest depolariza-
tion event detected within the alert window AT3 triggers the
delivery of an ETC signal ATS. The ETC signal ATS is
delivered to the left ventricle 10 after a delay interval AT4.
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[0164] The detection of the earliest depolarization event
86 within the alert window AT3 also triggers the initiation of
the alert refractory period AT7 as disclosed in detail here-
inabove and illustrated in FIG. 2, disabling the local sensing
of electrical events at the left ventricle 10 for the duration of
the alert refractory period AT7, and preventing any subse-
quent depolarization occurring within the duration of the
alert refractory period AT7 from triggering additional ETC
signals within the current beat cycle. For example, the arrow
labeled 88 represents the time of occurrence of a depolar-
ization 88 in the left ventricle 10. The depolarization event
88 occurs at a time later than the detection time of the
depolarization event 86 and falls within the duration of the
alert refractory period AT7. Since the sensing in the left
ventricle 10 is disabled during the duration of the alert
refractory period AT7, the depolarization 88 would not be
sensed and would therefore not be detected. The disabling of
the local sensing of electrical signals in the left ventricle 10
after the initiation of the alert refractory period thus prevents
the delivering of an additional ETC signal within the same
beat cycle by a potentially threshold-crossing depolarization
event due to an ectopic beat, electrical noise and the like and
therefore reduces the probability of delivering improperly
timed ETC signals which may be arrhythmogenic.

[0165] After the alert refractory period AT7 terminates,
the local sensing of depolarization signals in the left ven-
tricle 10 is re-enabled.

[0166] It is noted that, many other suitable methods of
event detection using IEGM single or multiple threshold
crossing, [EGM signal slope criteria and signal morphology
detection methods as disclosed hereinabove or various com-
binations thereof may be used in the ETC signal timing
method of the present invention.

[0167] 1t will be appreciated by those skilled in the art that,
while in the schematic diagrams of FIGS. 7 and 8 the zero
time point axis on the horizontal axis represents the local
detection of a depolarization event at or about the right
ventricle 9 and the events such as the events 80, and 86,
represent depolarization events locally detected at or about
the left ventricle 10 and the depolarizations 82 and 88
represent depolarizations occurring in or about the left
ventricle 10, other preferred embodiments are possible in
which the time axis zero point represent the local detection
of a depolarization event at or about the right atrium 8, the
detected events such as the events 80, and 86 represent
depolarization events locally detected at or about the left
ventricle 10, and the depolarizations 82 and 88 represent
depolarizations occurring in or about the left ventricle 10.
Such preferred embodiments may have various different
electrode and lead configurations (not shown). For example,
in one exemplary preferred embodiment, the device 1 may
include the lead 2 and electrode(s) 2A for local sensing in or
about the right atrium 8, and the lead 6 and electrode(s) 6A
for local sensing in or about the left ventricle 10 and for
delivering ETC signals to the left ventricle 10, while the lead
4 and the electrode(s) 4A are omitted. In such a case, pacing
may be performed, if required, in the right atrium 8 by using
the electrode(s) 2A and in the left ventricle 10 by using the
electrode(s) 6A, but not in the right ventricle 9.

[0168] In another exemplary preferred embodiment of the
invention, the device 1 may include the lead 4 and elec-
trode(s) 4A for local sensing in or about the right ventricle
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9, and the lead 6 and electrode(s) 6A for local sensing in or
about the left ventricle 10 and for delivering ETC signals to
the left ventricle 10, while the lead 2 and the electrode(s) 2A
are omitted. In such an embodiment, pacing may be per-
formed, if required, in the right ventricle by the electrode(s)
4A and in the left ventricle 10 by the electrode(s) 6A.

[0169] 1t is noted that, in the preferred embodiments in
which the device 1 includes a pacing unit, the electrode(s)
6A may be used for delivering a pacing pulse (not shown) to
the left ventricle 10 within a cardiac beat cycle and for
delivering an ETC signal (not shown) to the left ventricle 10
within the same beat cycle. However, the electrode(s) 6A
may also be used for sensing in beat cycles where no pacing
or ETC signal is required, or for sensing and pacing in beat
cycles where pacing is required but no ETC signal delivery
is required.

[0170] Similarly, other preferred embodiments of the
present inventions are possible in which the leads 2, 4 and
6 or the leads 22 include one or more electrodes (not shown)
having different functions. For example, the lead 2 of the
device 1 of FIG. 1 may include two separate electrodes (not
shown) or two separate electrode pairs (not shown) one of
these electrodes or electrode pairs is used for local sensing
in or about the right atrium 8 and the other of these
electrodes or electrode pairs is used for pacing the right
atrium 8. This electrode arrangement may be implemented
in cases where the same electrode(s) are not capable of being
used for sensing and for ETC signal delivery within the same
beat cycle due to electrode polarization problems. In another
embodiment, the lead 4 of the device 1 of FIG. 1 may
include two separate electrodes (not shown) or electrode
pairs (not shown) one of these electrodes or electrode pairs
is used for local sensing in or about the right ventricle 9 and
the other of these electrodes or electrode pairs is used for
pacing the right ventricle 9. In yet another preferred embodi-
ment of the present invention, the lead 6 of the device 1 of
FIG. 1 may include two separate electrodes (not shown) or
electrode pairs one of these electrodes or electrode pairs is
used for local sensing in or about the left ventricle 10 and the
other of these electrodes is used for delivering ETC signals
to the left ventricle 10.

[0171] Additionally, other preferred embodiments of the
present invention are possible which have different combi-
nations of lead and/or electrode arrangements disclosed
hereinabove. For example, in accordance with one preferred
embodiment of the present invention, the lead 2 includes a
single sensing/pacing electrode 2A, the lead 4 includes a
single sensing/pacing electrode 4A and the lead 6 includes
one electrode (not shown) for sensing and another electrode
(not shown) for delivering ETC signals. Many other permu-
tations and combinations of electrodes and leads are therefor
possible in other preferred embodiments of the present
invention. For example, various electrode pairs or electrode
arrays may be used in place of the single electrodes 2A, 4A
and 6A of FIG. 1 or within the implantable leads 22 of FIGS.
3-6 for sensing and/or pacing and/or delivering of ETC
signals to appropriate sites within the heart.

[0172] Tt is noted that the devices disclosed hereinabove
may also be modified to include the appropriate electrical
circuitry for delivering electrical defibrilating signals to the
heart. For example the implantable devices 1, 21 and 24
disclosed hereinabove may also include integrated defibri-
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lator units (not shown) and the programs embedded within
the controller unit 40 may be adapted to control the delivery
of cardioverting and/or defibrillating signals to the heart as
is known in the art. For example, U.S. Pat. No. 4,830,006 to
Haluska titled “IMPLANTABLE CARDIAC STIMULA-
TOR FOR DETECTION AND TREATMENT OF
ARRYTHMIAS” discloses a device for performing pacing-
type therapies and cardioversion and defibrillation shock-
type therapies. The implantable devices 1, 21 and 24 may be
adapted for performing such pacing-type therapies and car-
dioversion and defibrillation shock-type therapies.

[0173] 1t is further noted that, in all the embodiments of
the devices disclosed hereinabove and illustrated in the
drawings, the electrical power sources of the devices are not
shown for the sake of clarity of illustration. Such power
sources, for example, batteries and/or line operated power
supplies or the like, may be internal power sources included
in the implantable devices 21, 24 or external power sources
of the devices 64 and 74, and which are used to provide
power to the electronic circuitry of these devices, are well
known in the art and are not disclosed in detail hereinabove.

[0174] While the invention has been described with
respect to a limited number of embodiments, it will be
appreciated by those skilled in the art that many variations,
modifications and other applications of the invention may be
made.

What is claimed is:

1. A method for timing the delivery of a non-excitatory
signal to a heart within a cardiac beat cycle, the method
comprising the steps of:

applying electrodes to a plurality of cardiac sites;

sensing electrical activity in at least a first site of said
plurality of cardiac sites through at least a first elec-
trode of said electrodes for detecting a first electrical
depolarization event within said beat cycle;

sensing electrical activity in at least a second site of said
plurality of sites through at least a second electrode of
said electrodes for detecting at least a second electrical
depolarization event within said beat cycle; and

applying said non-excitatory signal to at least one of said
cardiac sites through at least one of said electrodes in
response to detecting said second electrical depolariza-
tion event within an alert window period, said alert
window period starts at a first delay from the time of
detection of said first electrical depolarization event
and has a first duration, said applying is delayed from
the time of detecting of said at least second electrical
depolarization event.

2. The method according to claim 1 further including the
step of inhibiting the applying of said cardiac non-excitatory
signal of said step of applying in response to detecting at
said at least second site a third electrical depolarization
event preceding said second electrical depolarization event,
said third electrical depolarization event is detected within
an inhibition window period, said inhibition window period
starts at a second delay from the time of detection of said
first electrical depolarization event and terminates before or
at the time of starting of said alert window period, said
second delay is smaller than said first delay.

3. The method according to claim 2 wherein said step of
inhibiting comprises the step of initiating an inhibition



US 2001/0031994 Al

refractory period, said inhibition refractory period starts at
the time of detecting of said third electrical depolarization
event and has a second duration, wherein said sensing of
said electrical activity in said at least second site is disabled
during said inhibition refractory period.

4. The method according to claim 3 wherein said second
duration of said inhibition refractory period is a preset
duration.

5. The method according to claim 3 wherein said second
duration of said inhibition refractory period is equal to or
larger than the value obtained by summing said inhibition
window period, said first duration, said second delay and the
maximal allowable duration of said non-excitatory signal.

6. The method according to claim 3 wherein said step of
initiating comprises the step of determining the value of said
second duration for said beat cycle from the time of detect-
ing of said third electrical depolarization event within said
beat cycle and from the preset values of said first duration of
said alert window, said first delay and the maximal allowable
duration of said non-excitatory signal.

7. The method according to claim 6 wherein said second
duration is larger than the value obtained by subtracting said
time of detecting of said third electrical depolarization event
from the sum of said first delay, said first duration, said
second delay and said maximal allowable duration of said
non-excitatory signal.

8. The method according to claim 1 wherein the sensing
of said second step of sensing at said at least second site
starts after the end of a refractory time period, said refractory
period begins at the time of detection of said first electrical
depolarization event and has a refractory period duration.

9. The method according to claim 8 further including the
step of pacing the heart by applying at least one pacing pulse
to said heart through said at least first electrode, wherein said
refractory period prevents the sensing of electrical artifact
signals by said at least second electrode due to said at least
one pacing pulse.

10. The method according to claim 1 wherein said at least
first site is located in or about the right ventricle of said heart
and said at least second site is located in or about the left
ventricle of said heart.

11. The method according to claim 1 wherein said at least
first site is located in or about the right atrium of said heart
and said at least second site is located in or about the left
ventricle of said heart.

12. The method according to claim 1 further including the
step of pacing the heart by applying within said beat cycle
a pacing pulse to at least one of said electrodes prior to said
second step of applying.

13. The method according to claim 12 wherein said at
least first site is located in or about the right ventricle of said
heart and said at least second site is located in or about the
left ventricle of said heart.

14. The method according to claim 13 wherein said step
of pacing comprises pacing said right ventricle by applying
a pacing pulse to said at least first electrode or to one of said
electrodes applied to said right ventricle.

15. The method according to claim 13 wherein said step
of pacing comprises pacing said left ventricle by applying a
pacing pulse to said at least second electrode or to one of
said electrodes applied to said left ventricle.

16. The method according to claim 13 wherein said step
of pacing comprises pacing the right atrium of said heart by
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delivering a pacing pulse to said right atrium through one of
said electrodes applied to said right atrium.

17. The method according to claim 12 wherein said at
least first site is located in or about the right atrium of said
heart and said at least second site is located in or about the
left ventricle of said heart.

18. The method according to claim 17 wherein said step
of pacing comprises pacing said right atrium by applying a
pacing pulse to said at least first electrode or to one of said
electrodes applied to said right atrium.

19. The method according to claim 17 wherein said step
of pacing comprises pacing said left ventricle by applying a
pacing pulse to said at least second electrode or to one of
said electrodes applied to said left ventricle.

20. The method according to claim 17 wherein said step
of pacing comprises pacing the right ventricle of said heart
by delivering a pacing pulse to said right ventricle through
one of said electrodes applied to said right ventricle.

21. The method according to claim 1 wherein said detect-
ing of at least one of said first step of sensing and said second
step of sensing comprises detecting a depolarization event
using an event detection method selected from a threshold
crossing detection method, a detection method based on one
or more morphological parameters of said electrical activity,
a slope based detection method and any combination
thereof.

22. The method according to claim 1 wherein said first
electrical depolarization event is an electrical depolarization
wave initiated by the intrinsic pacing activity of said heart or
by a pacing pulse delivered to said heart through one of said
electrodes.

23. The method according to claim 1 wherein said second
electrical depolarization event is an electrical depolarization
wave initiated by the intrinsic pacing activity of said heart or
by a pacing pulse delivered to said heart through one of said
electrodes.

24. The method according to claim 1 wherein the applying
of said non-excitatory signal of said second step of applying
is performed through said at least second electrode.

25. The method according to claim 1 wherein said apply-
ing of said second step of applying is performed in response
to the earliest occurring electrical depolarization event of
said at least second electrical depolarization event detected
within said alert window period.

26. The method according to claim 25 further including
the step of initiating an alert refractory period in response to
the detection of said earliest occurring electrical depolariza-
tion event within said alert window period, said alert refrac-
tory period starts at the time of detection of said earliest
occurring electrical depolarization event and has a third
duration, said alert refractory period ends within the dura-
tion of said beat cycle, wherein during said alert refractory
period said sensing and said detecting of said second step of
detecting at said at least second site are disabled.

27. The method according to claim 26 wherein said third
duration of said alert refractory period is a preset value.

28. The method according to claim 26 wherein said third
duration of said alert refractory period is larger than the sum
of said first duration, said second delay and the maximal
allowable duration of said non-excitatory signal.

29. A method for timing the delivery of a non-excitatory
signal to a heart within a cardiac beat cycle, the method
comprising the steps of:
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sensing electrical activity in at least a first site of said
heart through at least a first electrode applied to said at
least first site for detecting a first electrical depolariza-
tion event within said beat cycle;

sensing electrical activity in at least a second site of said
heart through at least a second electrode applied to said
at least second site for detecting at least a second
electrical depolarization event within said beat cycle;
and

applying said non-excitatory signal at or in the vicinity of
said at least second site of said heart in response to
detecting said second electrical depolarization event
within an alert window period, said alert window
period starts at a first delay from the time of detection
of said first electrical depolarization event and has a
first duration, said applying is delayed from the time of
detecting of said at least second electrical depolariza-
tion event.

30. The method according to claim 29 further including
the step of inhibiting the applying of said non-excitatory
signal of said step of applying in response to detecting at
said at least second site a third electrical depolarization
event preceding said second electrical depolarization event,
said third electrical depolarization event is detected within
an inhibition window period, said inhibition window period
starts at a second delay from the time of detection of said
first electrical depolarization event and terminates at or
before the time of starting of said alert window period, said
second delay is smaller than said first delay.

31. The method according to claim 30 wherein said step
of inhibiting comprises the step of initiating an inhibition
refractory period, said inhibition refractory period starts at
the time of detecting of said third electrical depolarization
event and has a second duration, wherein said sensing of
said electrical activity in said at least second site is disabled
during said inhibition refractory period.

32. The method according to claim 31 wherein said
second duration of said inhibition refractory period is a
preset duration.

33. The method according to claim 31 wherein said
second duration of said inhibition refractory period is equal
to or larger than the value obtained by summing said
inhibition window period, said first duration, said second
delay and the maximal allowable duration of said non-
excitatory signal.

34. The method according to claim 31 wherein said step
of initiating comprises the step of determining the value of
said second duration for said beat cycle from the time of
detecting of said third electrical depolarization event within
said beat cycle and from the preset values of said first
duration of said alert window, said first delay and the
maximal allowable duration of said non-excitatory signal.

35. The method according to claim 34 wherein said
second duration is larger than the value obtained by sub-
tracting said time of detecting of said third electrical depo-
larization event from the sum of said first delay, said first
duration, said second delay and said maximal allowable
duration of said non-excitatory signal.

36. The method according to claim 29 wherein said at
least first site is located in or about the right ventricle of said
heart and said at least second site is located in or about the
left ventricle of said heart.
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37. The method according to claim 29 wherein said at
least first site is located in or about the right atrium of said
heart and said at least second site is located in or about the
left ventricle of said heart.

38. The method according to claim 29 further including
the step of pacing the heart within said beat cycle by
delivering a pacing pulse to said heart prior to said step of
applying.

39. The method according to claim 38 wherein said
delivering of said pacing pulse comprises applying said
pacing pulse to an electrode selected from said at least first
electrode, said at least second electrode and a third electrode
applied to a third site of said heart.

40. The method according to claim 38 wherein said at
least first site is located in or about the right ventricle of said
heart and said at least second site is located in or about the
left ventricle of said heart.

41. The method according to claim 40 wherein said step
of pacing comprises pacing said right ventricle by applying
a pacing pulse to said at least first electrode or to a pacing
electrode applied to said right ventricle.

42. The method according to claim 40 wherein said step
of pacing comprises pacing said left ventricle by applying a
pacing pulse to said at least second electrode or to a pacing
electrode applied to said left ventricle.

43. The method according to claim 40 wherein said step
of pacing comprises pacing the right atrium of said heart by
delivering a pacing pulse to said right atrium through a third
electrode applied to said right atrium.

44. The method according to claim 38 wherein said at
least first site is located in or about the right atrium of said
heart and said at least second site is located in or about the
left ventricle of said heart.

45. The method according to claim 44 wherein said at
least first electrode is applied to the right atrium of the heart,
said at least second electrode is applied to the left ventricle
of the heart and said third electrode is applied to the right
atrium of said heart.

46. The method according to claim 44 wherein said at
least first electrode is applied the right atrium of the heart,
said at least second electrode is applied to the left ventricle
of the heart and said third site is the right ventricle of said
heart.

47. The method according to claim 29 further including
the step of pacing the heart by delivering a pacing pulse to
said heart prior to said step of applying through at least one
electrode selected from said at least first electrode, said at
least second electrode and a third electrode applied to a third
site of said heart.

48. The method according to claim 47 wherein said at
least first site is located in or about the right ventricle of the
heart, said at least second site is located in or about the left
ventricle of the heart and said third site is the right atrium of
said heart.

49. The method according to claim 29 wherein said
detecting of at least one of said first step of sensing and said
second step of sensing comprises detecting a depolarization
event using an event detection method selected from a
threshold crossing detection method, a detection method
based on one or more morphological parameters of said
electrical activity, a slope based detection method, and any
combination thereof.

50. The method according to claim 29 wherein said first
electrical depolarization event is an electrical depolarization
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wave initiated by the intrinsic pacing activity of said heart or
by a pacing pulse delivered to said heart.

51. The method according to claim 29 wherein said
second electrical depolarization event is an electrical depo-
larization wave initiated by the intrinsic pacing activity of
said heart or by a pacing pulse.

52. The method according to claim 29 wherein the apply-
ing of said non-excitatory stimulation of said step of apply-
ing is performed through said at least second electrode of
said second step of sensing.

53. The method according to claim 29 wherein said
applying of said step of applying is performed in response to
the detection of the earliest of said at least second electrical
depolarization event detected within said alert window
period.

54. The method according to claim 53 further including
the step of initiating an alert refractory period in response to
the detection of said earliest occurring electrical depolariza-
tion event, said alert refractory period starts at the time of
detection of said earliest occurring electrical depolarization
event and has a third duration, said alert refractory period
ends within the duration of said beat cycle, wherein during
said alert refractory period said sensing and said detecting of
said second step of detecting at said at least second site are
disabled.

55. The method according to claim 54 wherein said third
duration of said alert refractory period is a preset value.

56. The method according to claim 54 wherein said third
duration of said alert refractory period is larger than the sum
of said first duration, said second delay and the maximal
allowable duration of said non-excitatory signal.

57. Apparatus for timing the delivery of a non-excitatory
signal to said heart within a cardiac beat cycle of said heart,
the apparatus comprising:

a plurality of electrodes adapted to be implanted in said
heart;

an excitable tissue control unit operatively connected to at
least one of said plurality of electrodes for delivering
said non-excitatory signal to said heart;

a detecting unit operatively connected to a first electrode
of said plurality of electrodes for sensing electrical
activity in a first cardiac site and for detecting a first
electrical depolarization event within said beat cycle,
said detection unit is also connected to a second elec-
trode of said plurality of electrodes for sensing electri-
cal activity in a second cardiac site and for detecting at
least a second electrical depolarization event within
said beat cycle;

a controller unit operatively connected to said excitable
tissue control unit and said detection unit for control-
ling the operation of said excitable tissue control unit
and said detection unit, for receiving from said detec-
tion unit signals representing the detection of said first
electrical depolarization event and said second electri-
cal depolarization event and for controlling the deliv-
ery, through at least one of said plurality of electrodes,
of said non-excitatory signal to said second cardiac site
or in the vicinity thereof in response to said detecting
of said at least second electrical depolarization event by
said detection unit within an alert window period, said
alert window period starts at a first delay from the time
of detection of said first electrical depolarization event

Oct. 18, 2001

and has a first duration, said applying is delayed from
the time of detecting of said at least second electrical
depolarization event; and

a power source for providing power to said excitable
tissue control unit, said detection unit and said control-
ler unit.

58. The apparatus according to claim 57 wherein said
controller is adapted to inhibit said applying of said non-
excitatory signal in response to receiving from said detecting
unit a signal representing the detecting at said second site of
a third electrical depolarization event preceding said second
electrical depolarization event, said third electrical depolar-
ization event is detected within an inhibition window period,
said inhibition window period starts at a second delay from
the time of detection of said first electrical depolarization
event and terminates at or before the time of starting of said
alert window period, said second delay is smaller than said
first delay.

59. The apparatus according to claim 58 wherein said
controller is adapted for initiating an inhibition refractory
period, said inhibition refractory period is initiated by said
signal representing the detecting at said second site of said
third electrical depolarization event by said detection unit,
said inhibition refractory period has a second duration, said
controller is adapted for disabling the sensing by said
detecting unit of said electrical activity in said at least
second site during said inhibition refractory period.

60. The apparatus according to claim 59 wherein said
second duration of said inhibition refractory period is a
preset duration.

61. The apparatus according to claim 59 wherein said
second duration of said inhibition refractory period is equal
to or larger than the value obtained by summing said
inhibition window period, said first duration, said second
delay and the maximal allowable duration of said non-
excitatory signal.

62. The apparatus according to claim 59 wherein said
controller is adapted to determine the value of said second
duration for said inhibition refractory period from the time
of detecting of said third electrical depolarization event
within said beat cycle and from the preset values of said first
duration of said alert window, said first delay and the
maximal allowable duration of said non-excitatory signal.

63. The apparatus according to claim 62 wherein said
second duration is larger than the value obtained by sub-
tracting said time of detecting of said third electrical depo-
larization event from the sum of said first delay, said first
duration, said second delay and said maximal allowable
duration of said non-excitatory signal.

64. The apparatus according to claim 57 wherein said
detecting unit is adapted for detecting at least one of said
first electrical depolarization event and said second electrical
depolarization event by using an event detection method
selected from a threshold crossing detection method, a
detection method based on one or more morphological
parameters of said electrical activity, a slope based detection
method, and any combination thereof.

65. The apparatus according to claim 57 wherein said
detecting unit is selected from an analog detecting unit and
a digital detecting unit.

66. The apparatus according to claim 57 wherein said
controller unit is selected from a central processing unit, a
micro-controller unit, a digital signal processing unit, a
computer, a workstation, and any combination thereof.
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67. The apparatus according to claim 57 further including
an implantable housing, wherein said power unit, said
detecting unit, said excitable tissue control unit and said
controller unit are contained within said housing.

68. The apparatus according to claim 67 further including
a telemetry unit disposed within said housing and opera-
tively connected to said controller.

69. apparatus according to claim 57 wherein said plurality
of electrodes is implanted within said patient, and wherein
said excitable tissue control unit, said detecting unit, said
controller unit and said power unit are disposed outside of
said patient.

70. The apparatus according to claim 57 wherein said first
electrode is implanted in or about the right ventricle of said
heart and said second electrode is implanted in or about the
left ventricle of said heart.

71. The apparatus according to claim 57 wherein said first
electrode is implanted in or about the right atrium of said
heart and said second site is located in or about the left
ventricle of said heart.

72. The apparatus according to claim 57 further including
a pacing unit powered by said power source and operatively
connected to at least one of said plurality of electrodes for
delivering pacing pulses to said heart, said controller unit is
operatively connected to said pacing core unit for control-
ling the operation thereof.

73. The apparatus according to claim 72 wherein said first
electrode is implanted in or about the right ventricle of said
heart and said second electrode is implanted in or about the
left ventricle of said heart.

74. The apparatus according to claim 73 wherein said first
electrode is operatively connected to said pacing unit for
pacing said right ventricle.

75. The apparatus according to claim 73 wherein said
second electrode is operatively connected to said pacing unit
for pacing said left ventricle.

76. The apparatus according to claim 73 wherein at least
one electrode of said plurality of electrodes is operatively
connected to said pacing unit and is implanted in or about
the right atrium for pacing said right atrium.
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77. The apparatus according to claim 72 wherein said first
electrode is implanted in or about the right atrium of said
heart and said second electrode is implanted in or about the
left ventricle of said heart.

78. The apparatus according to claim 77 wherein said first
electrode is operatively connected to said pacing unit for
pacing said right atrium.

79. The apparatus according to claim 77 wherein said
second electrode is operatively connected to said pacing unit
for pacing said left ventricle.

80. The apparatus according to claim 77 wherein at least
one of said electrodes is implanted in or about the right
ventricle of said heart and is operatively connected to said
pacing unit for pacing said right ventricle.

81. The apparatus according to claim 57 wherein said
controller is adapted to control said excitable tissue control
unit to deliver said non-excitatory signal in response to the
detection of the earliest electrical depolarization event of
said at least second electrical depolarization event within
said alert window period.

82. The apparatus according to claim 81 wherein said
controller is adapted to initiate an alert refractory period in
response to said detection of said earliest electrical depo-
larization event, said alert refractory period starts at the time
of detection of said earliest electrical depolarization event
and has a third duration, said alert refractory period ends
within the duration of said beat cycle, wherein during said
alert refractory period said sensing and said detecting of said
detecting unit is disabled.

83. The apparatus according to claim 82 wherein said
third duration of said alert refractory period is a preset value.

84. The apparatus according to claim 82 wherein said
third duration of said alert refractory period is larger than the
sum of said first duration, said second delay and the maximal
allowable duration of said non-excitatory signal.



