20147100429 A2 1IN 000 11010 O 0

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

(10) International Publication Number

(43) International Publication Date WO 2014 /1 00429 A2
26 June 2014 (26.06.2014) WIPOIPCT
(51) International Patent Classification: (74) Agents: ARNHEIM, Steven, P. et al.; Plumsea Law
AG6IN 1/365 (2006.01) AG6IN 1/368 (2006.01) Group, LLC, 10411 Motor City Drive, Suite 320, Beth-
(21) International Application Number: esda, MD 20817 (US).
PCT/US2013/076600 (81) Designated States (unless otherwise indicated, for every
. . kind of national protection available). AE, AG, AL, AM,
(22) International Filing Date: AO, 151", AU, Ag, BA, BB, BG, BH), BN, BR, BW, BY,
19 December 2013 (19.12.2013) BZ, CA. CH. CL, CN, CO. CR, CU, CZ, DE, DK, DM,
(25) Filing Language: English DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
HN, HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KN, KP, KR,
(26) Publication Language: English KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD, ME,
(30) Priority Data: MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
61/740,977 21 December 2012 (21.12.2012) US OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA,
13/826,215 14 March 2013 (14.03.2013) Us SC, 8D, SE, 8G, SK, SL. SM, ST, 8V, SY, TH, TJ, T™,
TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM,
(71) Applicant: BACKBEAT MEDICAL, INC. [US/US]; 140 ZW.
Union Square Drive, New Hope, PA 18938 (US).
(84) Designated States (uniess otherwise indicated, for every
(72) Inventors: MIKA, Yuval, ¢/o Backbeat Medical, Inc., 140 kind Of regigna] pro[ecﬁgn avaﬂable): ARIPO (BW, GH,
Union Square Drive, New Hope, PA 18938 (US). SHER- GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, SZ, TZ,
MAN, Darren; c¢/o Backbeat Medical, Inc., 140 Union UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
Square Drive, New Hope, PA 18938 (US). SCHWARTZ, TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
Robert, S.; c/o Backbeat Medical, Inc., 140 Union Square EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
Drive, New Hope, PA 18938 (US). VAN TASSEL, MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
Robert, A.; c/o Backbeat Medical, Inc., 140 Union Square TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW,
Drive, New Hope, PA 18938 (US). BURKHOFF, Daniel; KM, ML, MR, NE, SN, TD, TG).
c/o Backbeat Medical, Inc., 140 Union Square Drive, New Published:

Hope, PA 18938 (US).

with declaration under Article 17(2)(a); without abstract;
title not checked by the International Searching Authority

O (54) Title: METHODS AND SYSTEMS FOR LOWERING BLOOD PRESSURE THROUGH REDUCTION OF VENTRICLE
FILLING

(57) Abstract:



WO 2014/100429 PCT/US2013/076600

METHODS AND SYSTEMS FOR LOWERING BLOOD PRESSURE
THROUGH REDUCTION OF VENTRICLE FILLING

[0001] This application claims the benefit of U.S. Provisional Application
No. 61/740,977, filed December 21, 2012, which is herein incorporated by reference
in its entirety.
BACKGROUND OF THE INVENTION

1. Field of the Invention

[0002] Embodiments of the present invention relate to the field of treating
hypertension through controlling cardiac filling. Specific embodiments include

application of focal, electrical stimulation to the heart.

2. Description of Related Art

[0003] Variations in blood pressure are known to occur normally, due for
example to increased activity (which normally elevates blood pressure) or significant
blood loss (which tends to cause a reduction in blood pressure). Blood pressure is
however normally maintained within a limited range due for example to the body’s
baroreflex, whereby elevated or decreased blood pressure affects cardiac function
and the characteristics of the cardiovascular system by a feedback loop. Such
feedback control is mediated by the nervous system as well as by the endocrine
system (e.g., by natriuretic peptide). In hypertensive individuals, while baroreflex
does function, blood pressure is maintained at an elevated level.

[0004] Hypertension, or high blood pressure (e.g., blood pressure of
140/90 mmHg or higher), is a serious health problem affecting many people. For
example, approximately 74.5 million people aged 20 years and older and living in the
United States have high blood pressure. Hypertension may lead to such life-
threatening conditions as stroke, heart attack, and/or congestive heart failure.
Approximately 44.1% of people with high blood pressure and under current
treatment have satisfactory control of their hypertension. Correspondingly, 55.9% of
the same people have poor control. Traditionally, treatment for hypertension has
included medication and lifestyle changes. These two types of treatment are not
effective for all patients. Additionally, side effects may prevent certain patients from
taking medication. Accordingly, there remains a need for additional techniques for

lowering blood pressure.
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SUMMARY OF THE INVENTION

[0005] Methods and devices for reducing blood pressure are disclosed.
Some embodiments treat hypertension mechanically instead of or in addition to
treating hypertension pharmaceutically. In some embodiments, an electrical
stimulator, such as a pacemaker or other type of device having a pulse generator,
may be used to stimulate a patient’s heart to reduce blood pressure. When the heart
is stimulated in a consistent way to reduce blood pressure, the cardiovascular
system may adapt to the stimulation over time and revert to a higher blood pressure.
Therefore, in some embodiments, the stimulation pattern may be configured to be
able to modulate the baroreflex such that the adaptation response of the
cardiovascular system is reduced or even prevented.

[0006] In some embodiments, an electrical stimulator may be used to
stimulate a patient’s heart to cause at least a portion of an atrial contraction to occur
while the atrioventricular valve is closed. Such an atrial contraction may deposit less
blood into the corresponding ventricle than when the atrioventricular valve is opened
during an atrial contraction.

[0007] Some embodiments may use artificial valves in treating
hypertension. In some medical conditions, where one or more of the atrioventricular
(AV) valves malfunctions, the valve(s) may be replaced by implantation of artificial
(prosthetic) valve(s). These artificial valves may be normally configured to passively
open and close, as do natural valves, as a function of pressure differences between
the atria and ventricles. Passive artificial valves are normally classified in three
types based on their mechanical structure: caged ball valves, tilting disc valves, and
bi-leaflet valves. As an alternative, some embodiments may use an active artificial
valve that is configured to actively open and close.

[0008] In one aspect, an embodiment provides a system for reducing blood
pressure in a patient having a pretreatment blood pressure. The system may
comprise at least one stimulation electrode for stimulating at least one chamber of a
heart of a patient with a stimulating pulse. The system may comprise at least one
controller configured to execute a stimulation pattern of stimulating pulses to at least
a chamber of the heart. The stimulation pattern may include a first stimulation

setting and a second stimulation setting different from the first stimulation setting. At
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least one of the first stimulation setting and the second stimulation setting may be
configured to reduce or prevent atrial kick.

[0009] In one aspect, an embodiment provides a system for reducing blood
pressure. The system may comprise at least one stimulation electrode for
stimulating at least one chamber of a heart of a patient. The system may include at
least one controller configured to execute a stimulation pattern comprising multiple
stimulation pulses. At least one stimulation pulse of the multiple stimulation pulses
may have a first stimulation setting configured to reduce atrial kick in at least one
ventricle. At least one stimulation pulse of the multiple stimulation pulses may have
a second stimulation setting configured to reduce the baroreflex response to the
reduction in atrial kick such that the increase in blood pressure values occurring
between stimulation pulses is limited to a predetermined value or range of values.

[0010] In another aspect, an embodiment provides a device for reducing
blood pressure of a patient having a pretreatment blood pressure and a pretreatment
ventricular filling volume. The device may comprise a stimulation circuit configured
to deliver a stimulation pulse to at least one of an atrium and a ventricle. The device
may comprise a processor circuit coupled to the stimulation circuit and optionally
also to a sensing circuit.

[0011] In some embodiments, the device processor circuit may be
configured to operate in an operating mode in which the device controls the AV
delay, which, as used herein, may be taken to mean a delay occurring in a single
heartbeat between ventricle excitation and/or contraction and atrial excitation and/or
contraction. In addition, as used herein, the AV delay in a system or method may be
taken to mean, within one heartbeat, a time delay between delivery of at least one
excitatory stimulus to a ventricle and one of: the sensing of an onset of atrial
excitation; the timing of an anticipated onset of atrial excitation; and the delivery of at
least one excitatory stimulus to the atrium.

[0012] This AV delay may be set by delivering at least one stimulation
pulse to both of at least one atrium and at least one ventricle. Optionally this
stimulation is performed at a rate that is higher than the natural activity of the heart.
Such rate may, for example, be set using at least one sensing electrode to sense the
natural activity in the heart (e.g., in the right atrium) and adjusting the stimulation

pulse delivery rate accordingly.
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[0013] Optionally, when ventricular excitation is timed to commence before
the delivery of one or more stimulation pulses to the atria, the delivery of stimulation
pulses to the heart is timed such that one or more excitatory pulses are delivered to
an atrium at a time that is earlier than the next anticipated natural onset of atrial
excitation.

[0014] In some embodiments, the AV delay may be set by delivering at
least one stimulation pulse to one or more ventricles but not to the atria. In such
case, the natural activity of one or more of the atria may be sensed and the timing of
ventricle excitation and/or contraction may be set to precede its natural expected
timing based on the sensed atrial activity rate.

[0015] In some embodiments, the processor circuit may be configured to
operate in an operating mode in which a ventricle is stimulated to cause ventricular
excitation to commence between about 0 milliseconds (ms) and about 50 ms before
the onset of atrial excitation in at least one atrium, thereby reducing the ventricular
filling volume from the pretreatment ventricular filling volume and reducing the
patient’s blood pressure from the pretreatment blood pressure. In such
embodiments, atrial excitation may be sensed to determine the onset of atrial
excitation. For example, the processor circuit may be configured to operate in an
operating mode in which one or more excitatory pulses are delivered to a ventricle
between about 0 ms and about 50 ms before a next atrial excitation is anticipated to
take place. The time interval between the onset of atrial excitation and the moment
that atrial excitation is sensed may be known or estimated, and used to calculate the
timing of an onset of atrial excitation. For example, if it is known or estimated that
atrial excitation is sensed 5 ms after the onset of atrial excitation and the ventricle is
to be stimulated 20 ms before the onset of atrial excitation, then the ventricle is to be
stimulated 25 ms before the next anticipated sensing of atrial excitation. In other
embodiments, the processor circuit may be configured to operate in an operating
mode in which an atrium is stimulated to cause atrial excitation to commence
between about 0 ms and about 50 ms after the onset of ventricular excitation in at
least one ventricle, thereby reducing the ventricular filling volume from the
pretreatment ventricular filling volume and reducing the patient’s blood pressure from
the pretreatment blood pressure. For example, the processor circuit may be

configured to operate in an operating mode in which one or more excitatory pulses
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are delivered to an atrium between about 0 ms and about 50 ms after one or more
excitatory pulses are provided to the patient’s ventricle. In such embodiments, the
pacing may be timed without relying on sensing atrial excitation. Optionally, in such
embodiments, atrial excitation is sensed in order to confirm that one or more
excitatory pulses are delivered to an atrium before a natural excitation takes place.
Optionally, atrial excitation is set to commence between about 0 ms and about 50 ms
after the onset of ventricular excitation when the intrinsic atrial excitation rate is lower
than the intrinsic ventricular excitation rate.

[0016] In some embodiments, the timing of the mechanical contraction in
relation to electrical excitation of a chamber for a patient may be determined, for
example, by sensing changes in atrial and ventricular pressures, sensing wall motion
using ultrasound (e.g., echocardiography or cardiac echo), changes in impedance, or
the opening and/or closing of a cardiac valve, using implanted and/or external
sensors as known in the art. Examples for such sensors include pressure sensors,
impedance, ultrasound sensors, and/or one or more audio sensors and/or one or
more blood flow sensors.

[0017] The timing of the mechanical contraction in relation to electrical
excitation of a chamber for a patient may be taken into account and the processor
circuit may be configured accordingly, such that the one or more excitatory pulses
are delivered to the heart in a timing that will generate a desired pattern of
contraction. This may be performed in a closed loop mode, using one or more
implanted sensors, and/or may be performed occasionally (e.g., on implantation of a
device and/or during a checkup), for example, using an interface with an external
measurement device.

[0018] The operating mode may include stimulating the ventricle to cause
the ventricle to commence contraction before the onset of contraction of the at least
one atrium.

[0019] The operating mode may include stimulating the ventricle to cause
the ventricle to commence contraction before the end of contraction of the at least
one atrium, thereby causing the AV valve to be closed during at least part of a

contraction of the at least one atrium.
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[0020] The operating mode may include stimulating the ventricle to cause
the ventricle to commence contraction within less than 100 ms after the onset of
contraction of the at least one atrium.

[0021] Optionally, care is taken to ensure that atrial contraction will
commence before ventricle contraction has reached peak pressure. This is possible
even in cases in which ventricular contraction will have commenced before the onset
of atrial contraction, as atrial contraction is typically faster than ventricular
contraction. Accordingly, one of the following settings may be selected:

a. The operating mode may include stimulating the ventricle to cause
the ventricle to commence contraction at any time during atrial
contraction but before the atrium reaches its maximal contraction
force.

b. The operating mode may include stimulating the ventricle to cause
the ventricle to commence contraction at any time during atrial
contraction but after the atrium reaches its maximal contraction
force.

c. The operating mode may include stimulating the ventricle at such
timing that contraction would commence in both the atrium and
ventricle at essentially the same time (e.g., with no more than 5 ms
from one another).

d. The operating mode may include stimulating the ventricle to cause
the ventricle to commence contraction at such timing that the peak
of atrial contraction would occur when the ventricle is at maximal
stretch, thus causing an increase in the stretch of the atrial wall.

[0022] The operating mode may include stimulating the ventricle to cause
the ventricle to contract at least partially before the onset of contraction of the at
least one atrium, thereby causing the AV valve to be closed during the onset of
contraction of the at least one atrium.

[0023] Optionally, the processor circuit may be configured to operate in an
operating mode in which one or more excitatory pulses are delivered to an atrium
between about 0 ms and about 50 ms after one or more excitatory pulses are

delivered to the patient’s ventricle.
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[0024] In another aspect, an embodiment provides a method for reducing
blood pressure of a patient having a pretreatment blood pressure and a pretreatment
ventricular filling volume. The method may comprise delivering a stimulation pulse
from a stimulation circuit to at least one of an atrium and a ventricle, and operating a
processor circuit coupled to the stimulation circuit to operate in an operating mode in
which a ventricle is stimulated to cause ventricular excitation to commence between
about 0 ms and about 50 ms before the onset of atrial excitation in at least one
atrium, thereby reducing the ventricular filling volume from the pretreatment
ventricular filling volume and reducing the patient’s blood pressure from the
pretreatment blood pressure. In such embodiments, atrial excitation may be sensed
to determine the onset of atrial excitation. For example, the method may include
delivering one or more excitatory pulses to a ventricle between about 0 ms and
about 50 ms before a next atrial excitation is anticipated to take place. The time
interval between the onset of atrial excitation and the moment that atrial excitation is
sensed may be known and used to calculate the timing of the onset of atrial
excitation. For example, if it is known or estimated that atrial excitation is sensed 5
ms after the onset of atrial excitation and the ventricle is to be stimulated 20 ms
before the onset of atrial excitation, then the ventricle is to be stimulated 25 ms
before the next anticipated sensing of atrial excitation. In other embodiments, the
method may comprise operating a processor circuit coupled to the stimulation circuit
to operate in an operating mode in which an atrium is stimulated to cause atrial
excitation to commence between about 0 ms and about 50 ms after the onset of
ventricular excitation in at least one ventricle, thereby reducing the ventricular filling
volume from the pretreatment ventricular filling volume and reducing the patient’s
blood pressure from the pretreatment blood pressure. For example, the method may
include delivering one or more excitatory pulses to an atrium between about 0 ms
and about 50 ms after delivering one or more excitatory pulses to the patient’s
ventricle. In such embodiments, the pacing may be timed without relying on sensing
atrial excitation. Optionally, such embodiments comprise sensing atrial excitation in
order to confirm that one or more excitatory pulses are delivered to an atrium before
a natural excitation takes place. Optionally, atrial excitation is set to commence
between about 0 ms and about 50 ms after the onset of ventricular excitation when

the intrinsic atrial excitation rate is lower than the intrinsic ventricular excitation rate.
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[0025] In some embodiments, the timing of the mechanical contraction in
relation to electrical excitation of a chamber for a patient may be evaluated using, for
example, ultrasound (e.g., echocardiography or cardiac echo) or other known
means. The timing of the mechanical contraction in relation to electrical excitation of
a chamber for a patient may be taken into account and the timing of the delivery of
the one or more excitatory pulses to the heart may be selected so as to generate a
desired pattern of contraction.

[0026] The operating mode may include stimulating the ventricle to cause
the ventricle to contract before the onset of contraction of the at least one atrium.

[0027] The operating mode may include stimulating the ventricle to cause
the ventricle to contract before the onset of contraction of the at least one atrium,
thereby causing the AV valve to be closed during at least part of a contraction of the
at least one atrium.

[0028] The operating mode may include stimulating the ventricle to cause
the ventricle to contract before the end of contraction of the at least one atrium,
thereby causing the AV valve to be closed during the onset of contraction of at least
atrium.

[0029] Optionally, the method comprises delivering one or more excitatory
pulses to an atrium between about 0 ms and about 50 ms after delivering one or
more excitatory pulses to the patient’s ventricle.

[0030] In another aspect, an embodiment provides a device for reducing
blood pressure of a patient having a pretreatment blood pressure and a pretreatment
ventricular filling volume. The device may comprise a stimulation circuit configured
to deliver a stimulation pulse to at least one cardiac chamber of a patient’s heart.
The device may comprise a processor circuit coupled to the stimulation circuit. The
processor circuit may be configured to operate in an operating mode in which at
least one cardiac chamber is stimulated to cause between about 40% of an atrial
contraction and about 100% of an atrial contraction to occur at a time when an
atrioventricular valve related to the atrium is closed, thereby reducing the ventricular
filling volume from the pretreatment ventricular filling volume and reducing the
patient’s blood pressure from the pretreatment blood pressure. This can be
achieved, for example, by causing the atrium to commence contraction about 60 ms

or less before the closure of the AV valve. Optionally, this timing may be set
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periodically (e.g., upon implantation) based on data from an external sensor and/or
as a closed loop using one or more implanted sensors.

[0031] In another aspect, an embodiment provides a device for reducing
blood pressure of a patient having a pretreatment blood pressure and a pretreatment
ventricular filling volume. The device may comprise a stimulation circuit configured
to deliver a stimulation pulse to at least one cardiac chamber. The device may
comprise a processor circuit coupled to the stimulation circuit. The processor circuit
may be configured to operate in an operating mode in which at least one cardiac
chamber is paced to cause about 50% to about 95% of an atrial contraction to occur
during ventricular systole, thereby reducing the ventricular filling volume from the
pretreatment ventricular filling volume and reducing the patient’s blood pressure from
the pretreatment blood pressure. This can be achieved, for example, by causing the
atrium to commence contraction about 50 ms to 5 ms before commencement of
ventricular contraction. Optionally, the timing of commencement of ventricular
contraction may be set according to the timing of closure of an AV valve. Optionally,
this timing may be set periodically (e.g., upon implantation) based on data from an
external sensor and/or as a closed loop using one or more implanted sensors.

[0032] In another aspect, an embodiment provides a method, carried out
with an implanted heart muscle stimulator associated with a heart of a patient, for
treating a blood pressure disorder in the patient, the patient having a pretreatment
blood pressure. The method may comprise stimulating a heart to cause an atrium
thereof to contract while a heart valve associated with the atrium is closed such that
the contraction distends the atrium, and the distending atrium results in reducing the
patient’s blood pressure from the pretreatment blood pressure. This can be
achieved, for example, by causing the atria to contract at a time when the pressure
in the ventricle is maximal so that the active force of atrial contraction will increase
atrial stretch above the maximal passive stretch caused by the contraction of the
associated ventricle(s). In such cases, the timing of the maximal contraction of the
atria should coincide with the end of the isovolumic period or during the rapid
ejection period of the ventricle. Optionally, this timing may be set periodically (e.g.,
upon implantation) based on data from an external sensor and/or as a closed loop

using one or more implanted sensors.
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[0033] In another aspect, an embodiment provides a system for reducing
blood pressure. The system may comprise at least one stimulation electrode for
stimulating at least one chamber of a heart of a patient with a stimulation pattern
comprising at least one stimulation pulse. The system may include at least one
controller configured to receive input relating to the patient’s blood pressure and
adjust the stimulation pattern based on said blood pressure. For example, the input
may include receiving data sensed by one or more sensors (implanted or external)
and/or receiving data provided by a user. For example, during implantation and/or
periodic checks, a user may provide data regarding measured blood pressure.
Optionally, the system includes an input port for receiving this input by wired and/or
wireless communication from a measuring sensor and/or a user interface. The input
may comprise data relating to blood pressure (BP) or a change in BP, which may be
measured as systolic BP (SysBP), diastolic BP, mean arterial BP, and/or any other
related BP parameter. For example, at least one sensor may sense the pressure or
changes of pressure in one or more cardiac chambers and adjust the stimulation
pattern based on the pressure or changes in pressure. In another embodiment, the
sensor may sense the pressure in more than one chamber and adjust the stimulation
based on the relation between the pressure waveforms of the two chambers.

[0034] The controller may be configured to adjust the stimulation pattern
by performing an adjustment process that includes adjusting a parameter of a first
stimulation setting of at least one of the at least one stimulation pulse.

[0035] The first stimulation setting may be configured to reduce or prevent
atrial kick in at least one ventricle.

[0036] The parameter may include the adjustment of the AV delay. For
example, a natural AV delay may be a range of 120 to 200 ms between the onset of
atrial excitation and the onset of ventricular excitation, whether occurring naturally
(i.e., without the delivery of a stimulus to the heart) or by setting the timing of the
delivery of stimuli to one or more of the atrium and ventricle. Optionally, adjusting
the AV delay means adjusting it from a normal AV delay (of, for example, 120 ms) to
a shorter AV delay (for example, 0 to 70 ms from the onset of atrial excitation to
onset of ventricular excitation; or an AV delay of 0 to -50 ms in which the ventricular
excitation occurs before atrial excitation). In a preferred embodiment of the

invention, a stimulation setting having an AV delay of between -50 ms to 70 ms,
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preferably -40 ms to 60 ms, more preferably -50 ms to 0 or 0 to 70 ms, preferably > 0
to 70 ms, is chosen to reduce or prevent atrial kick.

[0037] The stimulation pattern may be configured to cause a reduction in
blood pressure by at least a predetermined amount within about 3 sec from an
application of electricity to the heart, and to maintain a reduction in blood pressure
for a time interval of at least 1 minute. For example, a stimulation pattern may be
selected and/or adjusted based on feedback relating to one or more sensed BP
parameters.

[0038] The time interval may be at least 5 minutes.

[0039] The predetermined amount of blood pressure reduction may be 8
mmHg or more.

[0040] The predetermined amount of blood pressure reduction may be at
least 4% of the patient’s pretreatment blood pressure.

[0041] The patient’s blood pressure may not exceed a predetermined
average value during the time interval by more than a predetermined degree.

[0042] The predetermined degree may be a difference of about 8 mmHg or
less.

[0043] The controller may be configured to execute a plurality of
stimulation patterns and receive for each of the stimulation patterns a corresponding
input data relating to the patient’s blood pressure during the stimulation. The
controller may be configured to calculate for each of the plurality of stimulation
patterns at least one blood pressure variation parameter relating to the input data.
The controller may be configured to adjust the stimulation pattern according to the
blood pressure variation parameter.

[0044] The controller may be configured to adjust the stimulation pattern to
be the one with the best blood pressure variation parameter.

[0045] The best blood pressure variation parameter may be one that
displays the lowest degree of baroreflex, or the lowest degree or rate of adaptation
as detailed herein

[0046] The best blood pressure variation parameter may be one that
displays a baroreflex or degree of adaptation within a predetermined range as

detailed herein.
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[0047] The at least two stimulation patterns of the plurality of stimulation
patterns may each comprise at least one stimulation pulse having a stimulation
setting configured to reduce or prevent atrial kick in at least one ventricle. The at
least two stimulation patterns may differ one from another by the number of times or
the length of time the at least one stimulation pulse is provided in sequence.

[0048] The plurality of stimulation patterns may differ by the number of
times or the length of time that the system is configured to elicit a predetermined AV
delay in sequence.

[0049] The at least two stimulation patterns of the plurality of stimulation
patterns may differ from another by one or more stimulation settings included within
each of the at least two stimulation patterns.

[0050] The plurality of stimulation patterns may include a first stimulation
pattern and a second stimulation pattern executed after the first stimulation pattern.
The second stimulation pattern may have at least one stimulation setting that was
set based on an algorithm using blood pressure variation parameters relating to the
input data of the first stimulation pattern.

[0051] The system may comprise a blood pressure sensor for providing
the input data relating to the patient’s blood pressure.

[0052] The blood pressure sensor may be implantable.

[0053] The blood pressure sensor and the controller may be configured to
operate at least partially as a closed loop.

[0054] In another aspect, an embodiment provides a system for reducing
blood pressure. The system may comprise at least one stimulation electrode for
stimulating at least one chamber of a heart of a patient with a stimulation pulse. The
system may comprise a controller. The controller may be configured to provide a
first stimulation pattern comprising at least one stimulation setting configured to
reduce or prevent atrial kick in at least one ventricle for a first time interval and to
receive a first input data relating to a patient’s blood pressure during said first time
interval. The controller may be configured to calculate at least one blood pressure
variation parameter relating to the first input data. The controller may be configured
to adjust at least one parameter of a second stimulation pattern comprising a second
stimulation setting configured to reduce or prevent atrial kick in at least one ventricle.

The second stimulation setting may be based upon the at least one blood pressure

12
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variation parameter. The controller may be configured to provide the second
stimulation pattern for a second time interval.

[0055] In another aspect, an embodiment may provide a system for
reducing blood pressure. The system may comprise at least one stimulation
electrode for stimulating at least one chamber of a heart of a patient with a
stimulation pulse. The system may comprise at least one controller configured to
execute a stimulation pattern comprising at least one stimulation setting configured
to reduce or prevent atrial kick in at least one ventricle. The stimulation pattern may
be selected to cause an immediate reduction in blood pressure from an initial
pressure value to a reduced pressure value and to maintain a patient’s average
blood pressure at rest at least 8 mmHg below the initial pressure.

[0056] The reduced blood pressure value may be maintained for a time
interval of at least 1 minute.

[0057] In another aspect, an embodiment provides a kit for reducing blood
pressure. The kit may comprise at least one device for setting a stimulation pattern
for reducing blood pressure. The device may comprise at least one stimulation
electrode. The device may comprise a controller for setting an adjustable stimulation
pattern and a set of instructions for adjusting the stimulation pattern based on input
relating to patient blood pressure.

[0058] In another aspect, an embodiment provides a system for reducing
blood pressure. The system may comprise at least one stimulation electrode for
stimulating at least one chamber of a heart of a patient. The system may comprise
at least one controller configured to execute a stimulation pattern comprising at least
one stimulation pulse having at least one stimulation setting configured to reduce or
prevent atrial kick in at least one ventricle. The at least one stimulation setting may
be configured such that maximum atrial stretch is at a value that is about equal to or
lower than the maximum atrial stretch of the same heart when not receiving
stimulation. Atrial stretch may be measured, calculated, and/or estimated as known
in the art. In some embodiments, atrial stretch determination may include measuring
atrial pressure. In some embodiments, atrial stretch determination may include
measuring or estimating the dimension of an atrium (e.g., diameter, size, or

circumference).
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[0059] The at least one stimulation setting may be configured to cause an
atrium to be at maximum contraction when the AV valve is open.

[0060] The at least one stimulation setting may be configured to alter the
mechanics of at least one atrial contraction such that the mechanics of the at least
one atrial contraction are different from the mechanics of a previous natural atrial
contraction. The mechanics of atrial contraction may be assessed using any known
technique including, for example, ultrasound (e.g., echocardiography or cardiac
echo).

[0061] The at least one stimulation setting may be configured to reduce the
force of at least one atrial contraction. The force of atrial contraction may be
reduced, for example, by temporarily generating atrial spasm or atrial flutter. One
example is the delivery of a burst of rapid stimulation pulses to the atrium for a short
period of predefined time. The force of atrial contraction can be calculated from
sensing of atrial pressure and/or a derivative thereof such as wall motion or flow
using any known means. Such sensing may be used as a feedback in a closed loop
and/or occasionally (e.g., upon implantation and/or checkups).

[0062] The at least one stimulation setting may be configured to prevent at
least one atrial contraction. Atrial contraction may be prevented, for example, by
temporarily generating atrial spasm or atrial flutter. One example is the delivery of a
burst of rapid stimulation pulses to the atrium for a short period of predefined time.

[0063] In another aspect, an embodiment provides a system for reducing
blood pressure. The system may comprise at least one stimulation electrode for
stimulating at least one chamber of a heart of a patient. The at least one controller
may be configured to execute a stimulation pattern of stimulation pulses to the heart
of a patient. The at least one controller may be configured to receive input relating to
the patient’s AV valve status. This input may be provided by wired or wireless
communication from an implanted or external acoustic sensor or blood flow sensor
and/or via a user interface. The at least one controller may be configured to adjust
the at least one stimulation pattern based on said valve status.

[0064] The input relating to the patient’s AV valve status may be indicative
of the timing of closure of the AV valve.

[0065] The input relating to the patient’s AV valve status may be provided

based on a heart sound sensor.
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[0066] The input relating to the patient’s AV valve status may be provided
based on a blood flow sensor.

[0067] The blood flow sensor may include an implanted sensor.

[0068] The blood flow sensor may include an ultrasound sensor for
sensing blood flow through the AV valve.

[0069] The blood flow sensor and the controller may be configured to
operate at least partially as a closed loop.

[0070] The stimulation pattern may comprise at least one stimulation pulse
configured to reduce or prevent the atrial kick in at least one ventricle.

[0071] The step of adjusting the at least one stimulation pattern may
include adjusting the AV delay of at least one stimulation pulse.

[0072] In another aspect, an embodiment provides a system for reducing
ventricular filling volume in a patient having a pretreatment ventricular filling volume.
The system may comprise a stimulation circuit configured to deliver a stimulation
pulse to at least one cardiac chamber. The system may comprise at least one
controller configured to execute the delivery of one or more stimulation patterns of
stimulation pulses to at least one cardiac chamber. At least one of the stimulation
pulses may have a first stimulation setting and at least one of the stimulation pulses
may have a second stimulation setting different from the first stimulation setting. At
least one of the first stimulation setting and the second stimulation setting may be
configured to reduce or prevent atrial kick, thereby reducing the ventricular filling
volume from the pretreatment ventricular filling volume.

[0073] The first stimulation setting and the second stimulation setting may
be configured to reduce or prevent atrial kick.

[0074] The first stimulation setting may have a different AV delay than the
AV delay of the second stimulation setting.

[0075] At least one of the one or more stimulation patterns may be
repeated at least twice in a period of one hour.

[0076] The at least one controller may be configured to execute the one or
more stimulation patterns consecutively for a time interval lasting 10 minutes or
longer. The first stimulation setting may be configured to reduce or prevent atrial

kick in at least one ventricle for at least 50% of the time interval.
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[0077] The second stimulation setting may have a longer AV delay than
the first stimulation setting.

[0078] The second stimulation setting has a longer AV delay than the first
stimulation setting.

[0079] The one or more consecutive stimulation patterns may comprise at
least one stimulation pulse having the first stimulation setting for at least about 85%
of the time interval.

[0080] The time interval may be at least 30 minutes long.

[0081] The time interval may be at least one hour long.

[0082] The time interval may be at least 24 hours long.

[0083] The one or more consecutive stimulation patterns may comprise at
least one stimulation pulse having a third stimulation setting different from the first
stimulation setting and the second stimulation setting and configured to reduce or
prevent atrial kick in at least one ventricle.

[0084] The one or more consecutive stimulation patterns may comprise at
least one stimulation pulse having a third stimulation setting different from the first
stimulation setting and the second stimulation setting and configured not to reduce or
prevent atrial kick in at least one ventricle for less than about 50% of the time
interval.

[0085] The one or more consecutive stimulation patterns may comprise a
third stimulation configured not to reduce or prevent atrial kick in at least one
ventricle for about 20% or less of the time interval.

[0086] The one or more stimulation patterns may comprise a sequence of
10-60 stimulation pulses having the first stimulation setting. The first stimulation
setting may be configured to reduce or prevent atrial kick in at least one ventricle,
and a sequence of 1-10 heartbeats embedded within the 10-60 stimulation pulses.
The sequence of 1-10 heartbeats may have a longer AV delay than the first
stimulation setting.

[0087] The sequence of 1-10 heartbeats may include at least one
stimulation pulse having a first stimulation setting configured to reduce or prevent
atrial kick in at least one ventricle.

[0088] The sequence of 1-10 heartbeats may include at least one

stimulation pulse having a second stimulation setting.
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[0089] The sequence of 1-10 heartbeats may include a natural AV delay.

[0090] At least one heartbeat of the sequence of 1-10 heartbeats may
occur without stimulation.

[0091] The first stimulation setting may be configured to reduce atrial kick
in at least one ventricle and the second stimulation setting may be configured to
reduce the baroreflex response or adaptation to the reduction in atrial kick such that
the increase in blood pressure values occurring between stimulation pulses is limited
to a predetermined value.

[0092] The second stimulation setting may be configured to allow an
increase in blood pressure for about 1 heartbeat to 5 heartbeats.

[0093] The stimulation pattern may include multiple stimulation pulses
having the first stimulation setting.

[0094] The stimulation pattern may include multiple stimulation pulses
having the second stimulation setting.

[0095] Between about 1% of the multiple stimulation pulses and 40% of
the multiple stimulation pulses of the stimulation pattern may have the second
stimulation setting.

[0096] The stimulation pattern may include a ratio of stimulation pulses
having the first stimulation setting to the stimulation pulses having the second
stimulation setting that corresponds to a ratio of time constants of a response to
increase and decrease in blood pressure.

[0097] The first stimulation setting may include a first AV delay and the
second stimulation setting may include a second AV delay. The first AV delay may
be shorter than the second AV delay.

[0098] The stimulation pattern may include multiple stimulation pulses
having the first stimulation setting.

[0099] The stimulation pattern may include multiple stimulation pulses
having the second stimulation setting.

[00100] Between about 1% of the multiple stimulation pulses and 40% of
the multiple stimulation pulses of the stimulation pattern may have the second
stimulation setting.

[00101] The stimulation pattern may include a ratio of stimulation pulses

having the first stimulation setting to the stimulation pulses having the second
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stimulation setting that corresponds to a ratio of time constants of the response to
increase and decrease in blood pressure.

[00102] The stimulation pattern may include a ratio of about 8 to about 13
stimulation pulses having the first stimulation setting to about 2 to about 5 the
stimulation pulses having the second stimulation setting.

[00103] One of the first stimulation setting and the second stimulation
setting may be configured to invoke a hormonal response from the patient’s body.

[00104] In another aspect, an embodiment provides a system for reducing
ventricular filling volume of a patient having a pretreatment ventricular filling volume.
The system may comprise a stimulation circuit configured to deliver a stimulation
pulse to at least one cardiac chamber. The system may comprise at least one
controller configured to execute the delivery of one or more stimulation patterns of
stimulation pulses to at least one cardiac chamber. At least one of the stimulation
pulses may include a setting configured to cause a ventricular excitation to
commence between about 0 ms and about 70 ms after the onset of atrial excitation,
thereby reducing the ventricular filling volume from the pretreatment ventricular filling
volume. For example, the processor circuit may be configured to operate in an
operating mode in which one or more excitatory pulses are delivered to the ventricle
between about 0 ms and about 70 ms after the onset of atrial excitation in at least
one atrium occurs, or between about 0 ms and about 70 ms after one or more
excitatory pulses are delivered to the atrium.

[00105] In some embodiments, the timing of a sensed atrial excitation may
be determined by taking into account a delay between actual onset of excitation and
the sensing thereof. For example, if a sensing delay is estimated to be 20-40 ms,
and stimulation pulses are to be delivered 0-70 ms after onset of atrial excitation, a
system may be set to deliver pulses between 40 ms before the next anticipated
sensing event to 30 ms after the next anticipated sensing event or 30 ms after the
next sensing event. Likewise, if the stimulation pulses are to be delivered to the
ventricle 0-50 ms before onset of atrial excitation, assuming the same 20-40 ms
sensing delay, a system may be set to deliver pulses between 40 ms before the next
anticipated sensing event to 90 ms before the next anticipated sensing event.
Sensing delays may be due to one or more of a distance between the site of onset of

excitation and a sensing electrode, the level of the electrical signal, characteristics of
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the sensing circuit, and the threshold set of a sensing event. The delay may include,
for example, the duration of the signal propagation from the origin of excitation to the
electrode location, the duration related to the frequency response of the sensing
circuit, and/or the duration necessary for the signal propagation energy to reach a
level detectable by a sensing circuit. The delay may be significant and can range,
for example, between about 5 ms to about 100 ms. One approach for estimating the
delay is to use the time difference between an AV delay measured when both atrium
and ventricle are sensed and the AV delay when the atrium is paced and the
ventricle is sensed. Other approaches may use calculation of the amplifier response
time based on the set threshold, signal strength, and frequency content. Other
approaches may include modifying the delay used with atrial sensing until the effect
on blood pressure is the same as the effect obtained by pacing both atrium and
ventricle with the desired AV delay.

[00106] In another aspect, a system is provided for reducing ventricular
filling volume in a patient having a pretreatment ventricular filling volume. The
system may include a stimulation circuit configured to deliver a stimulation pulse to
at least one cardiac chamber. At least one controller may be configured to execute
the delivery of one or more stimulation patterns of stimulation pulses to at least one
cardiac chamber for a time interval lasting 10 minutes or longer. At least one of the
stimulation pulses may have a first stimulation setting configured to reduce or
prevent atrial kick in at least one ventricle for at least 5 minutes of the time interval
and at least one of the stimulation pulses has a second stimulation setting different
from the first stimulation setting, thereby reducing the ventricular filling volume from
the pretreatment ventricular filling volume.

[00107] In another aspect, a method is provided for reducing ventricular
filling in a patient having a pretreatment ventricular filling volume. The method may
include a step of delivering one or more stimulation patterns of stimulation pulses to
at least one cardiac chamber for a time interval lasting 10 minutes or longer. At least
one of the stimulation pulses may have a first stimulation setting configured to
reduce or prevent atrial kick in at least one ventricle for at least 5 minutes of the time
interval and at least one of the stimulation pulses has a second stimulation setting

different from the first stimulation setting.
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[00108] Other systems, methods, features, and advantages of the invention
will be, or will become, apparent to one of ordinary skill in the art upon examination
of the following figures and detailed description. It is intended that all such additional
systems, methods, features and advantages be included within this description and
this summary, be within the scope of the invention, and be protected by the following

claims.
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BRIEF DESCRIPTION OF THE DRAWINGS

[00109] The invention can be better understood with reference to the
following drawings and description. The components in the figures are not
necessarily to scale, emphasis instead being placed upon illustrating the principles of
the invention. Moreover, in the figures, like reference numerals designate
corresponding parts throughout the different views.

[00110] FIG. 1 shows the systolic blood pressure of a hypertensive patient
receiving a stimulation signal, plotted against time;

[00111] FIG. 2 shows an enlarged view of the portion of FIG. 1 marked by
dashed rectangle A;

[00112] FIG. 3A depicts an enlarged view of the portion of FIG. 2 between
time point a and point a’;

[00113] FIG. 3B depicts an enlarged view of the portion of FIG. 1 marked by
dashed rectangle A’;

[00114] FIG. 4 depicts an enlarged view of the portion of FIG. 1 marked by
dashed rectangle B;

[00115] FIG. 5A depicts an enlarged view of the portion of FIG. 1 marked by
dashed rectangle C;

[00116] FIG. 5B depicts an enlarged view of the portion of FIG. 5A between
time point ¢c and point ¢’;

[00117] FIG. 6 shows the systolic blood pressure of a hypertensive patient
receiving a stimulation signal, plotted against time;

[00118] FIG. 7 shows the systolic blood pressure of a hypertensive patient
receiving a stimulation signal, plotted against time;

[00119] FIG. 8 is a flow chart showing an exemplary method for setting
and/or selecting a stimulation pattern;

[00120] FIG. 9is a schematic diagram illustrating an exemplary system for
reducing blood pressure;

[00121] FIG. 10A shows a time plot including: electrocardiogram, aortic
pressure and left ventricular pressure of a healthy canine heart;

[00122] FIG. 10B shows a time plot including: electrocardiogram, aortic

pressure and left ventricular pressure of a healthy canine heart;
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[00123] FIG. 11A shows a time plot of a hypertensive canine heart,
including right atria pressure, magnified diastolic portion of right ventricular pressure,
right ventricular pressure and electrocardiogram;

[00124] FIG. 11B shows a time plot of a hypertensive canine heart,
including right atria pressure, magnified diastolic portion of right ventricular pressure,
right ventricular pressure and electrocardiogram;

[00125] FIG. 12 shows a right atria pressure, magnified diastolic portion of
right ventricular pressure, right ventricular pressure, left ventricular pressure and at
the same graph aortic pressure and an electrocardiogram of a hypertensive canine
heart;

[00126] FIG. 13 is a flow chart showing an exemplary method 40 for
reducing blood pressure;

[00127] FIG. 14 is a flow chart showing an exemplary method 40 for
reducing blood pressure;

[00128] FIG. 15is a schematic diagram illustrating an artificial valve
according to an embodiment; and

[00129] FIG. 16 shows the systolic blood pressure of a hypertensive patient

receiving a stimulation signal, plotted against time.
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DETAILED DESCRIPTION

[00130] The human heart comprises two atria and two ventricles. In a
normal heart cycle, cardiac contraction begins with atrial contraction, which is
followed by contraction of the ventricles.

[00131] The mechanical process of cardiac contraction is controlled by
conduction of electricity in the heart. During each heartbeat, a wave of
depolarization is triggered by cells in the sinoatrial node. The depolarization
propagates in the atria to the atrioventricular (AV) node and then to the ventricles. In
a healthy heart, atrioventricular delay (AV delay), i.e., the delay time between the
onset of atrial excitation and the onset of ventricular excitation, is normally between
120 milliseconds (ms) and 200 ms. The relative timing of the atrial contraction and
the ventricular contraction is affected inter alia by the relative timing of excitation of
each chamber and by the time needed by the chamber to generate mechanical
contraction as a result of the electrical activation (depending on size, speed of
propagation, differences in myocyte properties, etc.).

[00132] Before contraction, the heart muscle is relaxed and blood flows
freely into the ventricles from the atria, through a valve between them. This period
can be divided into a rapid filling phase and a slow filling phase. The rapid filling
phase commences just after the relaxation of the ventricle, during which blood from
the venous system and the atria rapidly fills the ventricle. The rapid filling phase
lasts for approximately 110 ms and is followed by the slow filling phase, which lasts
until the start of the contraction of the atria. The duration of the slow filling phase
depends on the heart rate. Thereafter, as an atrium contracts, pressure increases in
the atrium and causes blood to flow more rapidly into the ventricle. This contribution
of atrial contraction to ventricle filling is known as the “atrial kick.” Atrial kick is
normally responsible for about 10%-30% of ventricle filling.

[00133] A cardiac cycle begins at the onset of atrial excitation. Then, about
50-70 ms thereafter the atrium begins to contract, for a period of about 70-110 ms.
Meanwhile, the electrical stimulus propagates to the ventricle and the onset of
ventricle excitation occurs at an AV delay of about 120-200 ms later (the AV delay
can be about 250 ms in some unhealthy individuals). As the ventricle contracts,
pressure builds up within it and passively closes the valves between each of the atria

and a respective ventricle (AV valves), thus stopping the flow of blood from the
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atrium into the ventricle and preventing backflow. During the next period of the
contraction, a period known as isovolumic contraction that lasts approximately 50
ms, all ventricle valves are closed and the pressure in the ventricle rapidly rises with
no significant change in volume. As ventricular pressure further increases, the valve
between the ventricle and artery opens and blood flows out of the ventricle and away
from the heart. The contraction is further divided into a rapid ejection period and a
decreased ejection period. The rapid ejection period lasts approximately 90-110 ms,
during which about 2/3 of the stroke volume is ejected. At the end of the rapid
ejection period, the pressure in the ventricle and the atria reaches its peak. The
rapid ejection period is followed by the decreased ejection period lasting about 130-
140 ms. Thereafter, all valves close again and the ventricle relaxes in isovolumic
relaxation for about 60-80 ms, during which the pressure in the ventricle drops. At
this time, the valves between the ventricle and the atria reopen allowing blood to flow
freely into the ventricle, and a new excitation cycle may commence.

[00134] In the present disclosure, cardiac stimulation may be used to
reduce ventricular filling volume and/or blood pressure (BP). BP or a change in BP
may be measured as systolic BP (SysBP), diastolic BP, mean arterial BP, BP in one
or more chambers, and/or any other related BP parameter. In some embodiments,
an electrical stimulator, such as a pacemaker or other type of device having a pulse
generator, may be used to stimulate a patient’s heart to reduce blood pressure.
Electrodes electrically connected to the electrical stimulator with a wired or wireless
connection may be placed adjacent a cardiac chamber. The electrical stimulator
may be operated to deliver a pulse to the cardiac chamber via the electrode.

[00135] In some embodiments, stimulating the heart such that the
contribution of atrial contraction to the filling of the ventricles (atrial kick) is reduced
or even prevented, reduces cardiac filling at the end of diastole and consequently
reduces blood pressure. For simplicity, in the following description, such stimulation
will be termed “BPR (Blood Pressure Reducing) stimulation.” BPR stimulation may
include delivering at least one stimulation pulse to at least a chamber of a heart such
that atrial kick is reduced or even prevented. Such a pulse will be referred to herein
as a “BPR stimulation pulse” or “BPR pulse” herein. As used herein, a “stimulation
pulse” may comprise a sequence of one or more electrical pulses delivered to one or

more chambers of said heart within the timeframe of a single heartbeat. For

24



WO 2014/100429 PCT/US2013/076600

example, in some embodiments, a stimulation pulse may comprise one or more
electrical pulses delivered to one or more locations in a ventricle and/or one or more
electrical pulses delivered to one or more locations in an atrium. Thus, in some
embodiments, the stimulation pulse may include a first electrical pulse delivered to
an atrium and a second electrical pulse delivered to the corresponding ventricle. In
some embodiments a stimulation pulse may include a single pulse being delivered to
a plurality of locations on one or more chambers of the heart.

[00136] A stimulation setting means one or more parameters of one or more
stimulation pulses delivered in a single cardiac cycle. For example, these
parameters may include one or more of: power, a time interval between electrical
pulses that are included in a single stimulation pulse (e.g., AV delay), a period of
delivery with respect to the natural rhythm of the heart, the length of a stimulation
pulse or a portion thereof, and the site of delivery between two or more chambers
and/or within a single chamber. A BPR stimulation setting, or “BPR setting,” may
include a setting of one or more BPR pulses.

[00137] A stimulation pattern may include a series of pulses having identical
stimulation settings or a stimulation pattern may include multiple pulses each having
different stimulation settings. For example, a stimulation pattern may have one or
more pulses having a first setting and one or more pulses having a second setting
that is different from the first setting. When stating that a stimulation pattern has a
setting, it is understood that this means a stimulation pattern may include at least
one stimulation pulse having that setting. It is also understood that, in some
embodiments a stimulation pattern may include one or more cardiac cycles where no
stimulation pulse is delivered, in which case the pulse(s) may be viewed as being
delivered at zero power. A stimulation pattern may include a plurality of identical
pulses or a sequence of pulses including two or more different settings. Two
stimulation sequences in a pattern may differ in the order of pulses provided within a
setting. Two or more stimulation sequences may optionally differ in their lengths (in
time and/or number of heartbeats). In some embodiments, a stimulation pattern may
include pulses having BPR settings. In some embodiments, a stimulation pattern
may include pulses that do not have BPR settings.

[00138] Examples of stimulation settings that are configured to reduce or

prevent atrial kick in at least one ventricle may include any of the stimulation settings
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disclosed herein that are configured to cause a reduction of a patient’s ventricular
filling volume from the pretreatment ventricular filling volume. This may be caused
by having at least part of an atrial contraction take place against a closed AV valve.
Some such examples include:
a. Delivering one or more stimulation pulses to a ventricle of a patient
0-50 ms before the onset of excitation in an atrium of the patient.
Optionally, this delay is set based on sensing of atrial excitation.
Optionally, this includes delivering one or more stimulation pulses to
the atrium 0-50 ms after the delivery of stimulation pulses to the
ventricle. Optionally, this is performed at a rate that is slightly
higher than the natural heart rate of the patient.
b. Delivering one or more stimulation pulses to a ventricle of a patient
0-70 ms after the onset of excitation in an atrium of the patient.
Optionally, this delay is set based on sensing of atrial excitation.
Optionally, this includes delivering one or more stimulation pulses to
the atrium 0-70 ms before the delivery of stimulation pulses to the
ventricle. Optionally, this is performed at a rate that is slightly
higher than the natural heart rate of the patient.

[00139] Some embodiments may provide a system for reducing blood
pressure configured to deliver stimulation at a rate higher than the natural heart rate
based on sensed natural heart rate or natural excitation. For example, the system
may be configured to sense the natural excitation between delivery of stimulation
pulses and if a natural activity is sensed, the system may be configured to inhibit the
delivery of the stimulation pulse to the chamber. If in a given time frame the amount
of sensed activations exceeds a threshold, the natural heart rate may be regarded as
higher than the rate of delivery of the stimulation pulses, in which case the rate of
delivery may be increased, e.g., to accommodate increased heart rate of a patient.
On the other hand, if in a given time frame the amount of sensed activations is lower
than a threshold (this threshold may be 0), the natural heart beat may be regarded
as lower than the rate of delivery of the stimulation pulses, in which case the rate of
delivery may be reduced, e.g., to avoid over excitation of a patient’s heart. To
achieve this effect, according to one embodiment, a system for reducing blood

pressure may include a sensor for sensing an excitation rate of at least one of an
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atrium and a ventricle of a patient’s heart, a stimulation circuit configured to deliver
stimulation pulses to an atrium and a ventricle, and a processor circuit coupled to the
stimulation circuit. Optionally, a sensor for sensing the excitation rate of at least one
of an atrium and a ventricle may comprise an electrode for sensing atrial excitation.
The processor circuit may be configured to detect the patient’s heart rate based on
the sensing and operate in an operating mode in which a stimulation pulse is
provided to each of the at least one of an atrium and a ventricle. The stimulation
pulse may be delivered at a rate that is higher than the sensed excitation rate and
may be configured to stimulate the ventricle at a time between about 50 ms before
and about 70 ms after stimulation of the atrium.

[00140] Reducing atrial kick may have an immediate effect on blood
pressure while hormone mediated mechanisms may take a longer period. While
some devices may be configured to have both an immediate and a hormone
mediated effect, optionally, some of the BPR settings and/or stimulation patterns
may be configured to reduce or prevent atrial kick without a significant increase in
atrial stretch. For example, when the AV valve closes at a time that atrial contraction
is at peak pressure or thereafter, premature closure of the valve does not increase
atrial stretch. Thus, in some embodiments, a device may be configured to cause the
relative timing of atrial excitation and ventricular excitation to be comparable with an
AV delay that is at least 40 ms long or at least 50 ms long. Atrial stretch may be
measured, calculated, and/or estimated as known in the art. In some embodiments,
atrial stretch determination may include measuring atrial pressure. In some
embodiments, atrial stretch determination may include measuring or estimating the
dimension of an atrium (e.g., diameter, size, or circumference).

[00141] In some embodiments, atrial kick may be reduced because the BPR
stimulation setting may be set such that atrial contraction of a cardiac cycle is
incomplete when the AV valve is open. In some embodiments, atrial contraction
may take place completely or in part against a closed AV valve. In some
embodiments atrial contraction may be prevented or reduced in force.

[00142] In some embodiments, only one or more ventricles may be
stimulated and the stimulation pulse may be timed to have an abnormal AV delay
(e.g., 50 ms before to 120 ms after atrial excitation). In some embodiments, a BPR

stimulation setting may include the delivery of at least one electrical pulse or stimulus
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to one or more atria. In some embodiments, this at least one atrial stimulus may

cause atrial contraction. In some embodiments, the at least one atrial stimulus may

interfere with atrial contraction. In some embodiments, the at least one atrial pulse

may cause an atrial spasm or another type of inefficient atrial contraction.

[00143]

The reduction in blood pressure resulting from BPR stimulation may

be observed practically immediately upon application of the stimulation signal (e.g.,

within 1 or 3 seconds (sec) or within 1, 3, or 5 heartbeats) and may reach a minimal

blood pressure value within less than 5 heartbeats from the beginning of stimulation.

[00144]

By controlling the settings of BPR stimulation, one may control the

degree to which BP is reduced. This degree is sometimes patient specific and/or

related to the precise positioning of one or more stimulation and/or sensing

electrodes in or on the heart.

[00145]

a.

Adaptation
The inventors found that while stimulation is maintained, blood

pressure may display an adaptation pattern wherein blood pressure
increases after a time (some of which often occurs in a short time
being less than 5 minutes or even less than a minute), and
potentially reaches near pre-stimulation blood pressure values
(possibly due at least to baroreflex) or even higher. The adaptation,
at least in part, may be attributed to changes in properties of the
cardiovascular system, such as increase in total peripheral
resistance. The inventors further found that termination of
stimulation results in a quick return of blood pressure to pre-
stimulation values or even higher values, and thereafter that the
heart becomes responsive to the blood pressure reducing
stimulation signal at a degree similar to a heart that was not so
stimulated. In addition, it was found that different stimulation
patterns that comprise a plurality of BPR stimulation settings result
in different blood pressure adaptation patterns.

Stimulation patterns may, for example, comprise at least a first
stimulation setting and a second stimulation setting different from
the first stimulation setting, the first stimulation setting and the

second setting configured to reduce or prevent atrial kick. The
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stimulation pattern may even comprise more than two different
stimulation settings. The second setting in some embodiments has
a longer AV-delay than the first setting. The second setting in some
embodiments may not be configured to reduce atrial kick.

[00146] InFIG. 1, the systolic blood pressure of a hypertensive patient
receiving a stimulation signal is plotted against time. The crosses along the plotted
line depict the peak systolic blood pressure for every heartbeat. During
approximately the first 2 plotted minutes, no stimulation signal was delivered. As
seen, the patient’s initial blood pressure was on average more than 150 mmHg. The
oscillations in blood pressure (about 10 mmHg) are attributed to the breathing
cycle, as known in the art.

[00147] Then, a first stimulation pattern was applied during time interval a-
a’, a second stimulation pattern was applied during time interval b-b’, and a third
stimulation pattern was applied during time interval c-c’. In between the stimulation
patterns and after the third stimulation pattern, the heart was not stimulated.

[00148] Attention is now drawn to FIG. 2, depicting an enlarged portion of
FIG. 1 marked by dashed rectangle A. During the time marked by the dashed
rectangle in FIG. 2, which corresponds with the time interval a-a’ in FIG. 1, a
stimulation commenced and was delivered to the patient’s right atrium and right
ventricle, such that the atrium received a BPR stimulation signal (pulse) 2 ms before
the ventricle. Stimulation ended at the time marked a’ in FIGS. 1 and 2. During the
time interval a-a’, the patient’s systolic pressure initially reduced to a minimal value
below 110 mmHg, and then gradually increased to intermediate values, between the
initial blood pressure and the achieved minimum. At point a’, stimulation stopped
and an immediate overshoot in blood pressure was observed, to a value above 170
mmHg. Within about a dozen heartbeats, the blood pressure returned to its initial
range.

[00149] The changes in blood pressure presented in FIGS. 1 and 2
represent, at least in part, the cardiovascular system’s response to changes in blood
pressure, known as the baroreflex. The baroreflex acts to restore blood pressure to
its pre-stimulation level by changing cardiovascular characteristics (e.g., peripheral
resistance and/or cardiac contractility). It may be assumed that the reduction in

blood pressure that resulted from the reduction in ventricular filling provoked a
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baroreflex response directed towards restoration of the pre-stimulation blood
pressure. The effect of the baroreflex on the cardiovascular system is evident, for
example, at point a’ in FIG. 2. At that point, the stimulation that affected ventricular
filling was withdrawn and blood pressure immediately exceeded pre-stimulation
blood pressure. This may be taken to indicate baroreflex changes to the
cardiovascular system (e.g., peripheral resistance increased and contractility
increased). At point a’, where stimulation stopped and blood pressure peaked, the
baroreflex responded to the increase in blood pressure by again changing one or
more characteristics of the cardiovascular system, this time in order to lower the
blood pressure to the level before the change. As can be clearly seen, the response
of the baroreflex feedback to increase and decrease in blood pressure is asymmetric
in that the response to an increase in blood pressure is much faster than the
response to a decrease in blood pressure. Some embodiments may make use of
this asymmetry of the baroreflex to reduce or even prevent adaptation of the
reduction in blood pressure due to reduced filling, for example, by controlling a
stimulation pattern accordingly, as detailed herein.

[00150] FIG. 3A depicts an enlarged view of the curve of FIG. 1 between
time point a and point a’. In FIG. 3A, an exponential function was fitted to the plotted
curve showing an adaptation response, the function describing a relation between
time and SysBP, and having the following formula:

[00151] P=Pi+DP(1-e™¥)

[00152] Where P (in mmHg) denotes the systolic blood pressure, Pi
(mmHg) is a first average reduced blood pressure upon commencement of BPR
stimulation, DP (mmHg) is a constant representing the amount of increase in
pressure after the initial decline to a new steady state level, k (sec) is a response
time constant, e is the mathematical constant, being the base of the natural
logarithm, and t (sec) is time.

[00153] InFIG. 3A, the matching function was as follows:

[00154] P=115+23(1-e¢""%°)

[00155] Where Piwas found to be 115 mmHg, DP was 23 mmHg, and k
was 15.5 sec.

[00156] FIG. 3B depicts an enlarged view of the portion of FIG. 1 marked by

dashed rectangle A’. In FIG. 3B, an exponential function was fitted to the plotted
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curve showing an adaptation response to the termination of the delivery of BPR
stimulation. As seen, this response, which manifested in a reduction of blood
pressure, was faster than the response to BPR stimulation.

[00157] In FIG. 3B, the matching function was as follows:

[00158] P=190-35(1"e "#%4°)

[00159] Where Piwas found to be 190 mmHg, DP was -35 mmHg, and k
was 4.946 sec.

[00160] As mentioned above, the baroreflex response to a reduction in
blood pressure is much slower than the baroreflex response to an increase in blood
pressure. This is indicated by the ratio of the aforementioned time constants k
(about 15 sec to about 5 sec) with a much faster response to the increase in blood
pressure. This asymmetry in the speed of the baroreflex response may provide
means to design a stimulation pattern that generates an average reduction in blood
pressure and reduction or even prevention of adaptation. For example, in a
preferred embodiment, a stimulation pattern may alternate between two stimulation
settings in a way that the weighted response favors the changes in the
cardiovascular system invoked by increase in blood pressure. In this embodiment,
the heart may be stimulated using a stimulation pattern having two stimulation
settings: the first setting designed to reduce ventricular filling and thereby reduce
blood pressure, and the second setting designed to have normal ventricular filling, or
at least a higher ventricular filling, than that of the first setting. This stimulation
pattern may comprise pulses having the first setting (BPR) delivered for a period of
time that is shorter than the time constant of the baroreflex response to the decrease
in blood pressure. In such case, adaptation may begin to manifest and blood
pressure may increase from the reduced level, but may not reach its pre-stimulation
level. The stimulation pattern may also comprise pulses having the second setting
(e.g., natural AV delay) delivered for a period of time that is longer than the time
constant of the baroreflex response to increase in blood pressure. In this case, full
advantage may be taken of the baroreflex caused reduction in blood pressure, and
blood pressure may even return to its level before the stimulation pattern switched to
this second setting. The weighted response of the baroreflex in such a pattern may
reduce or prevent adaptation while the average pressure may be lower than a pre-

stimulation level. The relation between the time constants and the period of time
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allotted to the delivery of pulses having different settings may determine the level of
baroreflex response that takes effect during the whole stimulation pattern. If, for a
given stimulation setting, the period of delivery is selected to be shorter than the time
constant of response, the baroreflex may not be able to change the cardiovascular
system back to a pre-stimulation level, and if the period selected is greater than the
time constant, the baroreflex effect may be more pronounced.

[00161] As seenin FIG. 1, at the interval between points b and b’, a second
stimulation pattern was delivered. FIG. 4 depicts an enlarged version of this portion
of FIG. 1 (marked by dashed rectangle B in FIG. 1). In the second stimulation
pattern, a sequence of 12 BPR pulses were delivered to both an atrium and a
corresponding ventricle at an AV delay of 2ms, followed by 3 heartbeats at which
only atrial stimulation and no ventricular stimulation was artificially delivered. During
these last 3 heartbeats, ventricular excitation occurred by the natural conductance
through the AV node that resulted in an AV delay of ~ 180 ms. This second
stimulation pattern was repeated for the duration of the shown time interval. In FIG.
4, the exponential function matching the curve was found to be the following:

[00162] P=112+30(1-e"%°°)

[00163] As seen, Piand also DP were comparable to the corresponding
values of the first stimulation pattern (a-a’ in FIG. 3A). However, k of the second
pattern was nearly twice the time constant of the first stimulation pattern. In this time
interval, adaptation occurred at a slower rate than in FIG. 3A, but blood pressure
spiked more than it did in FIG. 3A when the pattern switched between the stimulation
pulses. This result demonstrates that the use of a stimulation pattern having
alternating stimulation settings reduced adaptation.

[00164] A third stimulation pattern was delivered as well, as seen in FIG. 1,
between points c and ¢’. FIG. 5A depicts an enlarged view of the portion of FIG. 1
marked by dashed rectangle C, which includes the portion of the curve between
point ¢ and point ¢’. In the third stimulation pattern, a sequence of 12 BPR pulses
was delivered at an AV delay of 2ms, followed by 3 BPR pulses, each with a 120 ms
AV delay. This was repeated for the duration of the shown time interval.

[00165] The portion of the curve of FIG. 5A that is marked by a dashed
rectangle is plotted in FIG. 5B. In FIG. 5B, an exponential function was fitted to the

plotted curve showing an adaptation response to the delivery of the stimulation
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pattern of 12 BPR pulses delivered at an AV delay of 2ms followed by 3 BPR pulses,
each with a 120 ms AV delay.

[00166] In FIG. 5B, the matching function was as follows:

[00167] P=109.7+22.3 (1%

[00168] Where Piwas found to be 109.7 mmHg, DP was 22.3 mmHg, and k
was 45.4 sec. As seen, while the initial reduction in blood pressure was comparable
with the one shown in FIG. 3A (Pi=115 or 109.5), the adaptation time constant (k)
was much higher (45.4 sec v. 15.5 sec), meaning that a low blood pressure was
maintained for a period of time that is about 3 times greater than in FIG. 3A.

[00169] Attention is now drawn to FIG. 6, wherein a hypertensive patient’s
heart was stimulated at a stimulation pattern having a sequence of 12 BPR pulses
delivered at an AV delay of 2ms, followed by 3 BPR pulses, each with an 80 ms AV
delay.

[00170] As seen, in this case, the adaptation rate was very low and almost
undetectable at the allotted time interval. An exponential formula could not be
matched, suggesting that the adaption was extremely slow or did not exist.

[00171] InFIG. 7, a hypertensive patient’s heart was stimulated with a
stimulation pattern having a sequence of 12 BPR pulses delivered at an AV delay of
2ms, followed by 3 BPR pulses, each with a 40 ms AV delay. Stimulation
commenced at point {; and ended at point 2. There was no measured adaptation
response and the fitting curve was in fact linear and had a fixed average reduced
blood pressure of about 112 mmHg, which is about 31 mmHg lower than the blood
pressure immediately before and after the time interval t;-t..

[00172] As apparent from the different stimulation patterns shown before, a
stimulation pattern comprising at least one BPR stimulation can be set to at least
approach one or more targets. For example, in some embodiments, a stimulation
pattern may be set to cause an initial reduction in blood pressure (systolic and/or
diastolic) that will exceed a predetermined threshold or will be within a
predetermined range. In a more specific embodiment, the blood pressure may be
reduced by at least a given percentage or by at least a given measure (e.g., 10 or 20
mmHg or even 30 mmHg) or the blood pressure may be reduced to be within a given
range (e.g., between 90 and 130 mmHg SysBP) or below a given target (e.g., 130

mmHg SysBP or less). In some embodiments, a target may include maintaining a

33



WO 2014/100429 PCT/US2013/076600

reduced blood pressure for a prolonged period of time within a reduced average
range. For example, the pretreatment blood pressure may be reduced to a
predetermined average blood pressure for a period of time or a number of
heartbeats. In another embodiment, the target may include causing a given
percentage of heartbeats to be at the reduced range/threshold. In some
embodiments, the target may include reducing blood pressure while also reducing
the level of spikes between stimulation pulses. For example, a stimulation pattern
may be used to lower the blood pressure to a constant blood pressure for a
predetermined interval of time. In some embodiments, a stimulation pattern may be
used to lower the blood pressure without significantly influencing the cardiac output.
For example, applying intermittent BPR pulses may allow pulses with a higher (or
even full) atrial kick to occur between BPR pulses. The pulses with a higher (or even
full) atrial kick may prevent the BPR pulses from significantly lowering the cardiac
output. In another embodiment, reducing adaptation that relates to lowering total
peripheral resistance together with reduction of blood pressure (afterload) can
positively affect cardiac output by affecting flow via the blood system. In yet another
embodiment, pacing at a higher rate than the patient’s natural rhythm may avoid a
negative effect on cardiac output that might be associated with lower stroke volume.

[00173] In some embodiments, a time constant of the change in blood
pressure of a given pattern may be calculated and the stimulation pattern may be set
to have one or more BPR stimulation parameters for an amount of time or number of
heartbeats that are set as a certain percentage of the calculated time constant. For
example, in FIGS. 3A and 3B, k was measured to be about 15 sec for the rate of
increase in blood pressure during delivery of a BPR pulses and about 4.9 sec for the
rate of adaptation to the termination of the delivery of BPR pulses. In some
embodiments, it may be desired to prevent blood pressure from increasing beyond a
given value, in which case, the period of delivery of the BPR pulses may be selected
to be significantly smaller than k (e.g., 30% to 60% of k). In this embodiment, the
interval may be selected to be less than 15 sec. Such an interval may include about
6-10 sec or about 8-14 heartbeats where the heart rate is about 80 heartbeats per
minute.

[00174] Optionally, it is desired to take advantage of the adaptation

response to the withdrawal of BPR pulses. In such case, a greater portion of kK might
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be applied. For example, based on FIG. 3B, a period of 3-5 heartbeats may be
selected (where k is about 4.9 sec). Thus, for example, based on FIGS. 3A and 3B,
the inventors applied the stimulation pattern of FIG. 4.

[00175] The stimulation pattern may be set, for example, to be the best of a
plurality of stimulation patterns (i.e., the one closest to a set target parameter) and/or
it may be selected as the first tested stimulation pattern that conformed to a set
target.

[00176] Embodiments of Methods for Setting and/or Selecting a

Stimulation Pattern

[00177] An exemplary method 600 for setting and/or selecting a stimulation
pattern is schematically depicted in FIG. 8. Method 600 may be performed during
implantation of a device for performing BPR stimulation and/or periodically to adjust
the device operation parameters and/or continuously during operation. Method 600
may be performed by system 700, described below. Accordingly, system 700 may
be configured to perform any step of method 600. Similarly, method 600 may
include any steps system 700 is configured to perform. For example, method 600
may include any of the functions discussed below with respect to system 700.
Additionally, method 600 may be performed by device 50, described below. Method
600 may include any steps device 50 is configured to perform.

[00178] Throughout the present disclosure, the terms “first,” “second,” and
“third” are not meant to always imply an order of events. In some cases, these terms
are used to distinguish individual events from one another without regard for order.
[00179] In some embodiments, step 601 may include setting a target blood
pressure value. This target may be an absolute blood pressure value (e.g., a target
blood pressure range, a target threshold of spike value, and/or number or portion of
spikes in a given timeframe), a relative value (e.g., as compared with the pre-
treatment blood pressure of the patient or as a comparison between a plurality of
tested stimulation patterns), or both. The target blood pressure value may be a
blood pressure value (e.g., measured in mmHg) and/or a value associated with a
formula calculated to match a blood pressure measurement of a stimulation pattern,
etc. This target blood pressure value may be set before, during, and/or after the
other method steps and it may also be amended, for example, if not reached by any

tested simulation pattern.
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[00180] Step 602 may include delivery of one or more stimulation patterns,
including a first stimulation pattern, to one or more chambers of a patient’s heart.
The first stimulation pattern may be a generic stimulation pattern or the first
stimulation pattern may already be selected to match a given patient (e.g., when
implanting a replacement device). The first stimulation pattern may include at least
one stimulation setting configured to reduce or prevent atrial kick in at least one
ventricle for a first time interval.

[00181] Step 603 may include sensing one or more parameters before,
during, and/or after the delivery of each of one or more stimulation patterns (step
602). The sensed parameter(s) may comprise a blood pressure value or a blood
pressure related parameter (e.g., a change in blood pressure). In some
embodiments, the sensed parameter(s) may comprise information relating to the
timing and/or extent of closure and/or opening of an AV valve. |n some
embodiments, the sensed parameter(s) may comprise information relating to the
timing and/or rate of blood flow between an atrium and ventricle of the heart. In
some embodiments, the sensed parameter(s) may include sensing pressure within a
heart chamber (e.g., an atria and/or ventricle). In some embodiments, sensing of a
patient’s AV valve status, or position, (i.e., opened or closed) may include sensing of
heart sounds, for example, using audio sensors. In some embodiments, sensing of
a patient’s AV valve status may include Doppler sensing and/or imaging of cardiac
movement. In some embodiments, the patient’s AV valve status may be sensed by
a blood flow sensor.

[00182] In some embodiments, sensing of blood flow may be performed by
one or more implanted sensors in one or more cardiac chambers. For example, one
or more pressure sensors may be placed in the right ventricle. In some
embodiments, a plurality of pressure sensors may be placed in a plurality of
chambers. Optionally, measurements of a plurality of sensors may be combined.
Optionally, pressure changes, trends of pressure changes, and/or pressure change
patterns may be used to provide information relating to blood flow. In some
embodiments, comparing relative changes between two or more sensors in different
chambers may be used.

[00183] When a stimulation pattern is delivered to a heart (step 602), the

one or more parameters may be measured at least once during delivery of the
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stimulation pattern or at a plurality of times or even continuously. Each stimulation
pattern may be delivered more than once.

[00184] Step 604 may include analyzing the sensed parameter(s). In some
embodiments, once at least one stimulation pattern is delivered and corresponding
parameter(s) are sensed, analysis may be performed (604). In embodiments in
which multiple parameters are sensed, step 604 may include the following:
comparing sensed parameter values to a target; comparing sensed parameters
between two or more stimulation patterns; comparing calculated values (e.g., the k
constant) relating to two or more stimulation patterns; and comparing additional
sensed parameters between two or more stimulation patterns. In some
embodiments, this last function may be performed to determine and select which
stimulation pattern yields a higher ejection fraction, stroke volume, cardiac output,
and/or a lower battery use.

[00185] Step 605 may include setting a pacing (stimulation) pattern. When
more than one parameter is sensed, the stimulation pattern used in step 605 may be
selected based on the plurality of parameters, a plurality of target values, and/or a
plurality of target ranges.

[00186] In some embodiments, the steps shown in FIG. 8 may be
performed in the order shown by the arrows in FIG. 8. |In other embodiments, the
steps may be performed in another order. For example, step 602 may be performed
before setting a target blood pressure value in accordance with step 601. In some
embodiments, a stimulation pattern may be set to be performed indefinitely. In some
embodiments, a stimulation pattern may be set to be performed for a predetermined
period of time. For example, in some embodiments, the stimulation pattern set
during step 605 may be performed for a predetermined period of time and then step
602, step 603, and step 604 may be repeated to determine how another stimulation
pattern affects the patient’s blood pressure. Then, based on the analysis performed
in step 604, step 605 may also be repeated.

[00187] In some embodiments, method 600 may include a step of adjusting
a first stimulation pattern, thus making the first stimulation pattern into a second
stimulation pattern. In some embodiments, step 605 of setting a stimulation pattern
may include adjusting a stimulation pattern. For example, step 605 may include

adjusting a parameter of a first stimulation setting, e.g., the time interval from step
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602. In another embodiment, step 605 may include adjusting a parameter of a first
stimulation setting configured to reduce or prevent the atrial kick in at least one
ventricle. In some embodiments, step 605 may include adjusting first stimulation
pattern to be a second stimulation pattern configured to cause a reduction in blood
pressure by at least a predetermined amount. In some embodiments, the
predetermined amount may include, for example, about 8 mmHg to about 30 mmHg.
In some embodiments, the predetermined amount may be at least 4% of a patient’s
pretreatment blood pressure. For example, the predetermined amount may be about
4% of a patient’s pretreatment blood pressure to about 30% of a patient’s
pretreatment blood pressure.

[00188] In some embodiments, step 605 may include adjusting the
stimulation pattern to be a stimulation pattern configured to cause an immediate
reduction in blood pressure by at least a predetermined amount. For example, in
some embodiments, step 605 may include adjusting the stimulation pattern to be a
stimulation pattern configured to cause a reduction in blood pressure by at least a
predetermined amount within about 3 sec from an application of electricity to the
heart. In some embodiments, step 605 may include adjusting the stimulation pattern
to be a stimulation pattern configured to cause a reduction in blood pressure by at
least a predetermined amount within at least 5 heartbeats of the applied electricity.
In some embodiments, the reduction in blood pressure resulting from a stimulation
pattern set during step 605 may occur within 1-3 sec of the application of electricity
to the heart or within 1, 3, or 5 heartbeats of the application of electricity to the heart.

[00189] In some embodiments, the reduction in blood pressure resulting
from a stimulation pattern set during step 605 may be such that a patient’s average
blood pressure at rest is at least 8 mmHg below the patient’s initial blood pressure at
rest. In some embodiments, the reduction in blood pressure resulting from a
stimulation pattern set during step 605 may be maintained for at least 1 minute. In
some embodiments, the reduction in blood pressure resulting from a stimulation
pattern set during step 605 may be maintained for at least 5 minutes. In some
embodiments, the blood pressure may reach a minimal blood pressure value within
less than 5 heartbeats from the beginning of stimulation. For example, step 605 may
include adjusting a first stimulation pattern to be a second stimulation pattern

configured to cause a reduction in blood pressure. In some embodiments, step 605
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may include adjusting the first stimulation pattern to a second stimulation pattern
configured to cause a reduction in blood pressure for a predetermined time interval.
For example, the predetermined time interval may include at least 1 minute or at
least 5 minutes.

[00190] In some embodiments, the second stimulation pattern may be
configured to maintain a blood pressure that does not exceed a predetermined
average value during the predetermined interval by more than a predetermined
degree. For example, the predetermined degree may be a difference of about 20
mmHg or less. In some embodiments, the predetermined degree may be a
difference of about 1 mmHg to about 8 mmHg.

[00191] In some embodiments, the second stimulation pattern may include
a second stimulation setting configured to reduce or prevent the atrial kick in at least
one ventricle. The second stimulation setting may be based upon at least one blood
pressure variation parameter calculated from an input data sensed during application
of the first stimulation pattern.

[00192] In some embodiments, the second stimulation pattern may be
configured to reduce or limit the magnitude of spikes in blood pressure between
stimulation pulses. In some embodiments, the spikes in blood pressure between
stimulation pulses may be reduced to a percentage of a baseline blood pressure
value. For example, the second stimulation pattern may be configured to prevent
more than an 80% increase in blood pressure between pulses. In other words, the
second stimulation pattern may be configured to prevent the blood pressure from
spiking more than about 80% between pulses. In some embodiments, the second
stimulation pattern may be configured to prevent more than a 40% increase in blood
pressure between pulses. In some embodiments, the second stimulation pattern
may be configured to prevent a blood pressure spike of more than about 10 mmHg
to about 30 mmHg between pulses. For example, in some embodiments, the
second stimulation pattern may be configured to prevent a blood pressure spike of
more than 20 mmHg between pulses.

[00193] In some embodiments, the second stimulation pattern may
comprise multiple stimulation pulses. At least one stimulation pulse of the multiple
stimulation pulses may have a first stimulation setting configured to reduce atrial kick

in at least one ventricle. At least one stimulation pulse of the multiple stimulation
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pulses may have a second stimulation setting configured to reduce the baroreflex
response to the reduction in atrial kick such that the increase in blood pressure
values occurring between stimulation pulses is limited to a predetermined value. In
some embodiments, the second stimulation setting may be configured to increase
blood pressure for about 1 heartbeat to 5 heartbeats to invoke negation of the
baroreflex response. In some embodiments, the second stimulation pattern may
include multiple stimulation pulses having the first stimulation setting and multiple
stimulation pulses having the second stimulation setting. In such embodiments,
between about 1% of the multiple stimulation pulses and 40% of the multiple
stimulation pulses of the stimulation pattern may have the second stimulation setting.
In some embodiments, the second stimulation pattern may include multiple
stimulation pulses having the first stimulation setting and multiple stimulation pulses
having the second stimulation setting. In such embodiments, between about 1% of
the multiple stimulation pulses and 40% of the multiple stimulation pulses of the
stimulation pattern may have the second stimulation setting. In some embodiments,
the stimulation pattern may include a ratio of stimulation pulses having the first
setting to the stimulation pulses having the second setting based on a ratio of time
constants of the response to increase and decrease in blood pressure. For example,
the ratio of stimulation pulses having the first setting to the stimulation pulses having
the second setting may be based on a ratio of the time constants of the changes in
blood pressure resulting from each of the first setting and the second setting. In
some embodiments, the first stimulation setting may include a first AV delay and the
second stimulation setting may include a second AV delay, the first AV delay being
shorter than the second AV delay. In some embodiments, the second stimulation
pattern may include multiple stimulation pulses having the first stimulation setting
and one or more stimulation pulses having the second stimulation setting. In some
embodiments, the second stimulation pattern may include a ratio of about 8
stimulation pulses to about 13 stimulation pulses having the first setting to about 2
stimulation pulses to about 5 stimulation pulses having the second setting. In some
embodiments, the second stimulation pattern may include at least one stimulation
pulse having a stimulation setting configured to invoke a hormonal response from the
patient’s body. In some embodiments, the first stimulation pattern may include at

least one stimulation pulse having a stimulation setting configured not to invoke a
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hormonal response from the patient’s body. In some embodiments, the second
stimulation pattern may be applied before the first stimulation pattern in a given
sequence of stimulation patterns.

[00194] In some embodiments, method 600 may include alternating
between two or more stimulation patterns. For example, method 600 may include
alternating between two to ten stimulation patterns.

[00195] In some embodiments, the blood pressure sensor and the controller
may be configured to operate at least partially as a closed loop.

[00196] In some embodiments, method 600 may include the controller
executing a plurality of stimulation patterns and receiving for each of the stimulation
patterns a corresponding input data relating to a patient’s blood pressure during the
stimulation. The plurality of stimulation patterns may include at least two stimulation
patterns each comprising at least one stimulation pulse having a stimulation setting
configured to reduce or prevent the atrial kick in at least one ventricle. The at least
two stimulation patterns may differ from one another by the number of times or the
length of time the at least one stimulation pulse is provided in sequence. The at
least two stimulation patterns may differ from one another by the number of times or
the length of time a predetermined AV delay occurs in sequence. In some
embodiments, the stimulation setting may be identical in each of the at least two
stimulation patterns. In some embodiments, the stimulation setting may include an
identical AV delay for each of the at least two stimulation patterns. In some
embodiments, the at least two stimulation patterns may differ from one another by
one or more stimulation settings included within each of the at least two stimulation
patterns.

[00197] In some embodiments, method 600 may include the controller
calculating for each of the plurality of stimulation patterns at least one blood pressure
variation parameter relating to the input data. Method 600 may include the controller
adjusting the stimulation pattern according to the blood pressure variation parameter.
In some embodiments, method 600 may include the controller adjusting the
stimulation pattern to be the stimulation pattern with the best blood pressure
variation parameter. For example, the best blood pressure variation parameter may
include the blood pressure variation parameter that displays the lowest degree of

baroreflex. The best blood pressure variation parameter may include the blood
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pressure variation parameter that displays a baroreflex within a predetermined
range.

[00198] In some embodiments, the second stimulation pattern may include
at least one stimulation pulse having a stimulation setting configured to invoke a
hormonal response from the patient’s body, while in some embodiments, the first
stimulation pattern may include at least one stimulation pulse having a stimulation
setting configured not to invoke a hormonal response from the patient’s body.

[00199] In some embodiments, the plurality of stimulation patterns may
include a first stimulation pattern and a second stimulation pattern executed after the
first stimulation pattern. The second stimulation pattern may have at least one
stimulation setting that was set based on an algorithm using blood pressure variation
parameters relating to the input data of the first stimulation pattern.

[00200] Embodiments of Systems for Reducing Blood Pressure

[00201] FIG. 9 schematically depicts an exemplary system 700 for reducing
blood pressure according to some embodiments. System 700 may be a device or
may comprise a plurality of devices, optionally associated by wire or wireless
communication. The device(s) may have multiple components disposed inside a
housing and/or connected to the housing electronically and/or by wires. As shown in
FIG. 9, a heart 701 is connected to a system 700 by one or more stimulation
electrodes 702. The stimulation electrode(s) may be configured to stimulate at least
one chamber of a heart of a patient with a stimulation pulse. In some embodiments,
multiple electrode(s) 702 may each be positioned in a different chamber of the heart.
For example, one electrode may be positioned in an atrium and another electrode
may be positioned in a ventricle. In some embodiments, multiple electrodes 702
may be positioned in a single chamber. For example, two electrodes may be
positioned in an atrium and/or two electrodes may be positioned in a ventricle. In
some embodiments, one electrode may be positioned in first chamber and multiple
electrodes may be positioned in a second chamber.

[00202] In the present embodiment, the electrode(s) 702 may include typical
cardiac pacemaker leads, such as the Medtronic Capsure® pacing leads. These
leads are used to connect the heart 701 to system 700. The pacing leads may be
constructed with an industry standard IS-1 Bl connector at one end (reference
standard ISO 5148-3:2013), electrodes at the other end, and an insulated conductor
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system between them. In some embodiments, the 1S-1 Bl connector is constructed
using stainless steel for the two electrode contacts and silicone as an insulating
material. Some embodiments may use polyurethane as an insulating material.

[00203] Stimulation of one or more cardiac chambers may be accomplished
by placing a voltage between the two electrodes of the atrial or ventricular cardiac
pacing leads described above. The stimulation circuit uses a network of transistors
(e.g., MOSFETS) to charge a capacitor to a specific programmable voltage, such as
2.0V, and then control its connection to the electrodes for a fixed period of
programmable time, such as 0.5 ms. The same network may also manage a
discharge of any residual charge that may be accumulated on the electrodes after
stimulation is complete. The same network may control the type of stimulation
applied, such as bipolar (between the two electrodes) or unipolar (between one
electrode and the stimulator housing).

[00204] One or more electrodes may be placed in contact with one or both
ventricles and/or one or both atria, as known in the art. Such electrodes may be
used to sense and/or deliver stimuli to the respective cardiac chamber(s). For
example, pacing electrodes can be introduced to both ventricles, with one electrode
implanted into the right ventricle and an additional electrode placed on the left
ventricle through the coronary sinus, and with the system 700 including means to
generate biventricular stimulation of both ventricles in order to reduce dyssynchrony
caused by ventricular stimulation.

[00205] System 700 may include a controller 703. System 700 may be an
electrical stimulator including a power source 704 (e.g., a battery as known in the art
of electrical stimulators). Controller 703 and/or electrode(s) 702 may draw power
from power source 704.

[00206] Optionally, the electrical stimulator of system 700 is constructed of
a hermetically sealed housing and a header. The housing may be constructed of
titanium or any other biocompatible material, and may contain a power source 704,
electronics, and a telemetry coil or communication module 707 for communication
with an external device. The power source 704 may be an implantable grade,
hermetically sealed, primary battery. The battery chemistry may be lithium-iodine.
Other embodiments may use larger or smaller batteries. Other embodiments may

use rechargeable batteries such as Li-ion rechargeable batteries. The electronics in
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some embodiments may be constructed of standard off-the-shelf electronics (e.g.,
transistors and diodes) and/or custom electronics (e.g., ASIC).

[00207] In order to detect the onset of atrial excitation and/or ventricular
excitation, one or more sensing electrodes may be implanted at or near a site of
interest in the heart. These sensing electrodes may be the same electrodes used for
delivering pulses to the heart or dedicated sensing electrodes. The electrical activity
may be band-pass filtered to remove unwanted noise and may conform to an
international standard for cardiac pacemakers (reference EN45502-2-1:2003), with
programmable cutoff frequencies. An electrical circuit may be used to amplify the
electrical signals generated by a propagating activation of the cardiac chamber and
to determine the onset of activation once the electrical signals fulfill specified criteria,
for example, crossing of a predefined threshold. The signal may, for example, be
amplified, with programmable gains, and then passed to a comparator for threshold
detection, with programmable detection thresholds in steps of 0.2mV (atrial) and
0.4mV (ventricle). These means of detecting excitation may introduce a delay
between the actual onset of activation in the chamber and its detection, since the
detecting electrodes may be away from the origin of excitation and the time it takes
for the signal to fulfill the detection criteria might not be negligible and may be in the
range of 5 to 50 ms or even more. In such cases, the timing of the onset of excitation
may be estimated based on the timing of a sensed excitation, and the delivery of
stimulation pulses would be calculated to compensate for this delay.

[00208] Optionally, the controller 703 interfaces with an accelerometer to
measure patient activity level. This patient activity level may be used to adjust the
pacing rate and/or BPR settings and/or the stimulation pattern based upon the
patient’s needs. Activity level may also be used to control a desired level of effect on
blood pressure. For example, reduction in blood pressure may be reduced at high
levels of activity to enable better performance when an increase in blood pressure is
required. Optionally, when a patient is inactive (e.g., when sleeping) blood pressure
may reduce naturally, in which case pacing may be adjusted in order to avoid
reducing blood pressure below a desired threshold. Activity level may also be used
to adjust settings based on baroreflex to allow better response when needed. The

sensor may be, for example, a piezoelectric sensor. Other embodiments may use a
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MEMS-based accelerometer sensor. Other embodiments may use a minute
ventilation sensor, optionally in combination with an accelerometer.

[00209] Controller 703 may be configured to deliver electricity to the heart
701 via one or more electrodes 702. Controller 703 may be configured to execute a
stimulation pattern of stimulation pulses according to any embodiment of this
disclosure. In some embodiments, the stimulation pulses may be delivered to at
least a ventricle of the heart. In some embodiments, the stimulation pattern may
include a first stimulation setting and a second stimulation setting different from the
first stimulation setting, with the first stimulation setting and the second setting
configured to reduce or prevent the atrial kick. In some embodiments, the first
stimulation setting has a different AV delay than the second stimulation setting. In
some embodiments, the first stimulation setting and/or the second stimulation setting
may be configured such that maximum atrial stretch is at a value that is about equal
to or lower than the maximum atrial stretch of the same heart when not receiving
stimulation. In some embodiments, the first stimulation setting and/or second
stimulation setting are configured to cause an atrium to be at maximum force when
the AV valve is open. In some embodiments, the first stimulation setting and/or
second stimulation setting are configured to alter the mechanics of at least one atrial
contraction such that the mechanics of the at least one atrial contraction are different
from the mechanics of a previous natural atrial contraction. In some embodiments,
the first stimulation setting and/or second stimulation setting are configured to reduce
the force of at least one atrial contraction. In some embodiments, the first
stimulation setting and/or second stimulation setting are configured to prevent at
least one atrial contraction.

[00210] In some embodiments, the controller 703 may be configured to
deliver a variety of different AV delays. The controller 703 may be configured to
sense when the atrial contraction or excitation occurs (as described herein) and then
deliver ventricular stimulation a fixed interval after that or before a future anticipated
atrial excitation or contraction. The interval may be programmable. The controller
703 may also be configured to stimulate the atrium and then deliver ventricular
stimulation at a fixed interval after that, which may also be programmable. The

programmable interval may, for example, be changed between 2 ms and 70 ms to
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accommodate a desired therapeutic effect or even provide a negative AV delay of up
to -50 ms.

[00211] In some embodiments, controller 703 may be configured to repeat a
stimulation pattern multiple times. For example, controller 703 may repeat a
stimulation pattern twice. |In another embodiment, controller 703 may be configured
to repeat a stimulation pattern at least twice in a period of an hour. The stimulation
pattern repeated by controller 703 may include any type of stimulation pattern. For
example, the stimulation pattern may include a stimulation setting configured to
reduce or prevent the atrial kick in at least one ventricle. In another embodiment, the
stimulation pattern may include two different stimulation settings each configured to
reduce or prevent the atrial kick in at least one ventricle. These two stimulation
settings may differ by one or more parameters, for example, by AV delay.

[00212] In some embodiments, controller 703 may be configured to execute
one or more consecutive stimulation patterns for a predetermined time interval. For
example, in some embodiments, the time interval may be 10 minutes or longer. In
another embodiment, the time interval may be 30 minutes or longer, one hour or
longer, or 24 hours or longer. In some embodiments, the time interval may be a
period of months, such as one month to one year. In some embodiments, the time
interval may be longer than one year. In some embodiments, the one or more
consecutive stimulation patterns may include a first stimulation setting configured to
reduce or prevent the atrial kick in at least one ventricle for a portion of the time
interval. For example, the one or more consecutive stimulation patterns may include
a first stimulation setting configured to reduce or prevent the atrial kick in at least one
ventricle for about 50% of a time interval to about 100% of the time interval. In
another embodiment, the one or more consecutive stimulation patterns may include
a first stimulation setting configured to reduce or prevent the atrial kick in at least one
ventricle for about 50% of a time interval to about 85% of the time interval. In some
embodiments, the one or more consecutive stimulation patterns may include a
second stimulation setting having a longer AV delay than the first stimulation setting
for at least one heartbeat during the time interval. In some embodiments, the one or
more consecutive stimulation patterns may include a second stimulation setting
and/or a third stimulation setting. The second stimulation setting and/or third

stimulation setting may each be different from the first stimulation setting. In some
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embodiments, the second stimulation setting and/or third stimulation setting may
each be configured to reduce or prevent the atrial kick in at least one ventricle. In
some embodiments, the second stimulation setting and/or third stimulation setting
may each be configured not to reduce or prevent the atrial kick in at least one
ventricle. In some embodiments, the second stimulation setting and/or third
stimulation setting may include about 0% of a time interval to about 50% of the time
interval. In some embodiments, the second stimulation setting and/or third
stimulation setting may include about 0% of a time interval to about 30% of the time
interval. In some embodiments, the second stimulation setting and/or third
stimulation setting may include about 0% of a time interval to about 20% of the time
interval. In some embodiments, the second stimulation setting and/or third
stimulation setting may include about 5% of a time interval to about 20% of the time
interval.

[00213] In some embodiments, controller 703 may be configured to execute
one or more consecutive stimulation patterns including a sequence of 10-60
stimulation pulses having a first stimulation setting configured to reduce or prevent
the atrial kick in at least one ventricle. In some embodiments, controller 703 may be
configured to execute one or more consecutive stimulation patterns including a
sequence of 1-10 heartbeats embedded within the 10-60 stimulation pulses and the
sequence of 1-10 heartbeats may have a longer AV delay than the first stimulation
setting. For example, the 10-60 stimulation pulses may include 5 stimulation pulses
having the first stimulation setting, followed by one heartbeat having a longer AV
delay than the first stimulation setting, followed by 50 stimulation pulses having the
first stimulation setting. The sequence of 1-10 heartbeats may include at least one
stimulation pulse having a first stimulation setting configured to reduce or prevent the
atrial kick in at least one ventricle. The sequence of 1-10 heartbeats may include a
natural AV delay. The sequence of 1-10 heartbeats may occur without stimulation.

[00214] System 700 may further comprise one or more sensors 705. In
some embodiments, such sensor(s) 705 may include one or more sensing
electrode(s) for sensing electrical activity of the heart. In some embodiments, one or
more sensing electrode(s) may include one or more stimulation electrode(s) 702. In
some embodiments, sensor(s) 705 may include one or more blood pressure sensors

(implantable and/or external). In some embodiments, one or more sensors 705 may
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include one or more pressure sensors implanted in the heart (e.g., in the atria and/or
ventricle). In some embodiments, sensor(s) 705 may include one or more blood flow
sensors (implantable and/or external). For example, one or more sensors 705 may
include ultrasound sensing of blood flow through the AV valve. In some
embodiments, sensor(s) 705 may include one or more sensors configured to monitor
the timing of closure of the AV valve. One or more of these sensors may be
configured to operate as a closed loop with the controller.

[00215] Information from sensor(s) 705 may be provided to controller 703
by any form of communication, including wired communication and/or wireless
communication. Optionally, system 700 may comprise one or more communication
modules 707 for receiving and/or transmitting information between system
components and/or to devices that are external to the system. |In some
embodiments, controller 703 may be configured to receive input data relating to the
patient’s blood pressure. For example, the input data relating to the patient’s blood
pressure may include data indicative of BP measured at one or more points in time
or of a variation in BP (e.g. a degree of change and/or a rate of change or a function
describing the change of blood pressure over time) and/or statistical data relating to
BP or variation in BP, maximum and/or minimum BP values

[00216] Optionally, system 700 may comprise one or more user interfaces
708 for providing information and/or for allowing input of information. Providing
information may include, for example, a display of operational information relating to
the system and/or data that was recorded by the system and/or received by the
system during operation. This may include sensed parameter(s) and/or a relation
between sensed parameter(s) and operational information (such as stimulation
pattern settings and/or relative timing between delivery of a given pace and sensed
information).

[00217] Optionally, user interface 708 may be comprised of a commercially
available laptop computer (e.g., Windows®-based computer) running a software
application. The software application may serve to generate orders to be delivered
to an interface that is, in turn, connected to a hand-held wand that contains a
telemetry circuit for communication with the implantable stimulator. The orders sent
to the wand may be used to set stimulation parameters and/or to retrieve device

diagnostics, device data, cardiac data, and real-time cardiac sensing. The interface
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also allows for connection of a 3-lead ECG and this data is displayed on the laptop
computer screen by the software application. Other embodiments may not include
the 3-lead ECG circuitry or may include 12-lead ECG circuitry. Other embodiments
may incorporate the functionality of the wand, interface, and laptop computer into a
dedicated piece of hardware that performs all three functions. Other embodiments
may also add printing capability to the user interface 708.

[00218] In some embodiments, interface(s) 708 may be configured such
that a user (e.g., medical practitioner) may provide a set of control instructions to the
system (e.g., target values and/or ranges and/or other limitations or instructions).
Optionally, interface(s) 708 may allow a user to input data from one or more sensors
705 (e.g., the results of a manual blood pressure measurement and/or results of an
ultrasound monitor).

[00219] Optionally, the one or more user interfaces 708 may allow a user to
select a stimulation pattern (for example, from a set of stimulation patterns stored in
system 700) or impose constraints on the setting and/or selecting of a stimulation
pattern.

[00220] Optionally, system 700 may comprise one or more processors 706.
Processor(s) may be configured to process sensed parameters from sensor(s) 705
and/or input data from user interface(s) 708 to select a stimulation pattern for
delivery by system 700. Optionally, processor(s) 706 may be configured to analyze
sensed parameters and extract information and/or formula constants to be used in
the selection and/or evaluation of stimulation patterns.

[00221] One or more components of system 700 or portions of such
components may be implanted in the patient, while some components of system 700
or portions of such components may be external to the patient. When some
components (or component parts) are implanted and others are not, communication
between the components may take place by wired and/or wireless means,
essentially as known in the art. For example, some or all functions of both controller
703 and/or processor 706 may be performed outside the body. Having some
components of system 700 external to the patient’s body may assist in reducing the
size and/or energy requirements of an implanted device, and/or in the enhancement

of the system’s computation capabilities.
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[00222] System 700 may include additional functions relating to control of
heart function and overall cardiovascular system performance. For example, system
700 may include one or more algorithms and/or electrodes to enable biventricular
pacing or resynchronization therapy to reduce dyssynchrony that may be caused by
ventricular stimulation. In some embodiments, system 700 may include one or more
algorithms to compensate for a possible reduction in cardiac output. Such an
algorithm that may change heart rate in order to increase cardiac output or
implement other methods known in the art for controlling cardiac output. In some
embodiments, system 700 may include rate response algorithms to affect changes in
heart rate as a response to certain circumstances. For example, system 700 may
include rate response algorithms to affect changes in heart rate as a response to
changes in level of exercise, ventilation activity, and/or oxygen consumption. In
some embodiments, system 700 may include a sensor that detects activity and the
algorithm may turn off stimulation while a patient is exercising such that a patient’s
blood pressure is not reduced. In some embodiments, system 700 may include a
real-time clock. Such a clock may be used to control the timing of the stimulation.
For example, system 700 may include an algorithm that turns stimulation on and off
depending upon the time of day. This type of algorithm may be used to prevent
hypotension during the night when a patient is sleeping.

[00223] In some embodiments, a kit including one or more components of
system 700 and a set of instructions for adjusting the stimulation pattern based on
input relating to a patient’s blood pressure may be provided.

[00224] Some embodiments may provide a system for reducing blood
pressure configured to deliver stimulation at a rate higher than the natural heart rate
based on sensed natural heart rate or natural excitation. For example, the system
may be configured to sense the natural excitation between delivery of stimulation
pulses and if a natural activity is sensed, the system may be configured to inhibit the
delivery of the stimulation pulse to the chamber. If in a given time frame the amount
of sensed activations exceeds a threshold, the natural heart rate may be regarded as
higher than the rate of delivery of the stimulation pulses, in which case the rate of
delivery may be increased, e.g., to accommodate increased heart rate of a patient.
On the other hand, if in a given time frame the amount of sensed activations is lower

than a threshold (this threshold may be 0), the natural heart beat may be regarded
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as lower than the rate of delivery of the stimulation pulses, in which case the rate of
delivery may be reduced, e.g., to avoid over excitation of a patient’s heart. To
achieve this effect, according to one embodiment, a system for reducing blood
pressure may include a sensor for sensing an excitation rate of at least one of an
atrium and a ventricle of a patient’s heart, a stimulation circuit configured to deliver
stimulation pulses to an atrium and a ventricle, and a processor circuit coupled to the
stimulation circuit. The processor circuit may be configured to detect the patient’s
heart rate based on the sensing and operate in an operating mode in which a
stimulation pulse is provided to each of the at least one of an atrium and a ventricle.
The stimulation pulse may be delivered at a rate that is higher than the sensed
excitation rate and may be configured to stimulate the ventricle at a time between
about 50 ms before and about 70 ms after stimulation of the atrium.

[00225] Some embodiments may provide a system for reducing blood
pressure based on a predicted next atrial contraction. For example, a system for
reducing blood pressure may include a sensor for sensing an excitation rate of at
least one of an atrium and a ventricle, a stimulation circuit configured to deliver a
stimulation pulse to at least one of an atrium and a ventricle, and a processor circuit
coupled to the stimulation circuit. The processor circuit may be configured to
operate in an operating mode in which a timing of a next atrial excitation is predicted
based on the sensed excitation rate of the previous atrial excitations, and at least
one ventricle is stimulated at a time between about 50 ms before and about 10 ms
after the predicted next atrial excitation. The predicted timing may be based on the
time interval between the two previous sensed atrial excitations and on a function
that will be based on previously sensed time intervals between atrial excitations.
The function may include the change in time interval, the rate of change in time
intervals, and/or detection of periodic variations in time intervals (e.g., periodic
variation due to breathing).

[00226] Optionally, a sensor for sensing the excitation rate of at least one of
an atrium and a ventricle may comprise an electrode for sensing atrial excitation.

[00227] In a further aspect, prediction of a next atrial contraction may be
based on a function of previous sensed excitations including rate of change of

intervals and periodic variations.
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[00228] In a further aspect, the timing of the predicted next atrial excitation
may be adjusted to reflect a delay between an atrial excitation and a sensing of the
atrial excitation.

[00229] In a further aspect, the system may further comprise an additional
sensor for sensing a parameter relating to cardiac activity and for adjusting the time
at which the ventricle is stimulated accordingly. The parameter may be a member of
a group consisting of data relating to blood pressure, blood flow, AV valve status,
and wall motion of the heart or a part thereof. The additional sensor may be
selected from the group consisting of pressure sensors, impedance sensors,
ultrasound sensors, and/or one or more audio sensors and/or one or more blood flow
sensors. The additional sensor may be implantable.

[00230] Reducing Atrial Kick

[00231] Some embodiments stem from the inventors realization that blood

pressure can be reduced by causing a closure of at least one AV valve during at
least part of an atrial contraction. This will reduce, or even prevent, the contribution
of the contraction of the atria to the filling of the ventricles, and thus reduce cardiac
filling at the end of diastole and consequently reduce blood pressure.

[00232] In some embodiments, at least part of an atrial contraction may
occur against a closed AV valve. For example, in some embodiments, 40% or more
of an atrial contraction may occur against a closed AV valve. In some embodiments,
at least 80% of an atrial contraction may occur against a closed AV valve. For
example the contraction may start approximately 20 ms or less before the
contraction of the ventricle or the excitation of the atria may occur 20 ms or less
before the excitation of the ventricle. In some embodiments, 100% of an atrial
contraction may occur against a closed AV valve, in which case ventricle excitation is
timed such that ventricle contraction will begin before the commencement of atrial
contraction. This may include exciting the ventricle before the onset of atrial
excitation. The higher the percentage is of an atrial contraction that occurs with the
AV valve closed, the more the atrial kick is reduced. Stimulation of both the atrium
and the ventricle may provide better control of the percentage of an atrial contraction
occurring against a closed valve. Various embodiments may be implemented to
cause at least part of an atrial contraction to occur against a closed valve. For

example, the AV valve may be closed 70 ms or less after the onset of mechanical

52



WO 2014/100429 PCT/US2013/076600

contraction of the atrium or 40 ms or less after the onset of mechanical contraction of
the atrium or even 5 or 10 ms or less after the onset of mechanical contraction of the
atrium. In some embodiments, the AV valve may be closed before the onset of
mechanical contraction of the atrium. For example, the AV valve may be closed
within 5 ms before the onset of the mechanical contraction of the atrium. In some
embodiments, the AV valve may be closed at the same time as the onset of the
mechanical contraction. In some embodiments, the AV valve may be closed after
the onset of the mechanical contraction of the atrium. For example, the AV valve
may be closed within 5 ms after the onset of mechanical contraction of the atrium.

[00233] In some embodiments, the onset of a contraction of a chamber may
be sensed and a stimulation pulse may be timed relative to the sensed onset of a
contraction. The onset of contraction in a chamber is the start of active generation of
contractile force in the chamber. The onset of contraction can be sensed by a rapid
change in pressure that is not related to the flow of blood into the chamber. The
onset of contraction may also be sensed by measuring the movement of the walls of
a cardiac chamber or measuring the reduction in volume of a chamber using an
ultrasound. These methods of sensing the onset of a contraction may have a delay
between the actual onset of the contraction and the sensing of an onset of
contraction.

[00234] In some embodiments, the AV valve may be closed after the onset
of contraction of at least one atrium. For example, the AV valve may be closed
about 0 ms to about 70 ms after the onset of contraction of at least one atrium. In
some embodiments, the AV valve may be closed about 0 ms to about 40 ms after
the onset of contraction of at least one atrium. In some embodiments, the AV valve
may be closed about 0 ms to about 10 ms after the onset of contraction of at least
one atrium. In some embodiments, the AV valve may be closed about 0 ms to about
5 ms after the onset of contraction of at least one atrium.

[00235] Typically, an atrial contraction may begin about 40 ms to about 100
ms after the onset of atrial excitation. In some embodiments, the AV valve may be
closed after the onset of atrial excitation. For example, the AV valve may be closed
about 40 ms to about 170 ms after the onset of atrial excitation. For example, the
AV valve may be closed about 40 ms to about 110 ms after the onset of atrial

excitation. In another embodiment, the AV valve may be closed about 40 ms to
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about 80 ms after the onset of atrial excitation. For example, the AV valve may be
closed about 40 ms to about 75 ms after the onset of atrial excitation. For example,
the AV valve may be closed about 40 ms to about 50 ms after the onset of atrial
excitation.

[00236] In some embodiments, the onset of excitation in a chamber may be
sensed and a stimulation pulse may be timed relative to the sensed onset of
excitation. The onset of excitation is the initiation of a propagating action potential
through a chamber. The onset of excitation may be sensed by sensing the local
electrical activity of a chamber using a sensing electrode connected to an amplifier.
The onset of excitation can also be detected by electrocardiography.

[00237] In some embodiments, methods of sensing the onset of excitation
may have a delay between the actual onset of the excitation and the sensing of an
onset of excitation. The timing of a sensed atrial excitation may be determined by
taking into account the delay between actual onset of excitation and the sensing
thereof. For example, if a sensing delay is estimated to be 20-40 ms, and
stimulation pulses are to be delivered 0-70 ms after onset of atrial excitation, a
system may be set to deliver pulses between 40 ms before the next anticipated
sensing event to 30 ms after the next anticipated sensing event or 30 ms after the
next sensing event. Likewise, if the stimulation pulses are to be delivered to the
ventricle 0-50 ms before onset of atrial excitation, assuming the same 20-40 ms
sensing delay, a system may be set to deliver pulses between 40 ms before the next
anticipated sensing event to 90 ms before the next anticipated sensing event.
Sensing delays may be due to one or more of a distance between the site of onset of
excitation and a sensing electrode, the level of the electrical signal, characteristics of
the sensing circuit, and the threshold set of a sensing event. The delay may include,
for example, the duration of the signal propagation from the origin of excitation to the
electrode location, the duration related to the frequency response of the sensing
circuit, and/or the duration necessary for the signal propagation energy to reach a
level detectable by a sensing circuit. The delay may be significant and can range,
for example, between about 5 ms to about 100 ms. One approach for estimating the
delay is to use the time difference between an AV delay measured when both atrium
and ventricle are sensed and the AV delay when the atrium is paced and the

ventricle is sensed. Other approaches may use calculation of the amplifier response

54



WO 2014/100429 PCT/US2013/076600

time based on the set threshold, signal strength, and frequency content. Other
approaches may include modifying the delay used with atrial sensing until the effect
on blood pressure is the same as the effect obtained by pacing both atrium and
ventricle with the desired AV delay.

[00238] In some embodiments, the AV valve may be closed before the
onset of excitation or contraction of at least one atrium. For example, the AV valve
may be closed within about 0 ms to about 5 ms before the onset of excitation or
contraction of at least one atrium. In some embodiments, the AV valve may be
closed at the same time as the onset of excitation or contraction of at least one
atrium.

[00239] In some embodiments, direct mechanical control of AV valve
closure may be performed. In such embodiments, a mechanical device or a portion
thereof may be implanted in the patient, and operated to cause the closing of a valve
between the atrium and ventricle. For example, an artificial valve may be implanted
in the patient’s heart and operated to close mechanically in accordance with some
embodiments. In such embodiments, instead of or in addition to providing a
stimulation pattern, the aforementioned closure of the AV valves may be
accomplished by controlling the functioning of the implanted valve.

[00240] In some embodiments, a shortened or even negative time interval
between the onset of atrial excitation and ventricular excitation is employed to
reduce cardiac filling, thereby reducing blood pressure. As used herein, a negative
time interval between the onsets of atrial excitation and ventricular excitation means
that in a single cardiac cycle, the onset of excitation for the at least one ventricle
occurs before the onset of atrial excitation. In this case, atrial contraction may take
place, at least partially, against a closed AV valve, since the generated pressure in
the ventricles may be greater than the pressure in the atria. A short time after the
initiation of ventricular contraction, the pressure in the ventricles may exceed the
pressure in the atria and may result in the passive closure of the valve. This closure
of the valve may reduce or even obliterate the atrial kick and, in turn, reduce
ventricular filling. Consequently, the force of ventricular contraction may be reduced
and blood pressure may drop.

[00241] The time between the start of excitation and the start of the

mechanical contraction in each cardiac chamber is not fixed. Thus, the timing of
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excitation does not guarantee the same effect on the timing between contractions.
However, in some embodiments, the timing between excitations is used as a frame
of reference for practical reasons. The ultimate purpose of controlling the timing of
excitation is to control the timing of a contraction.

[00242] In some embodiments, a shortened or even negative time interval
between the onset of atrial contraction and ventricular contraction may be employed
to reduce cardiac filling, thereby reducing blood pressure. |n this case, better control
over the contribution of the atria may be obtained since the start of the contraction of
the ventricle will result with the closure of the valve.

[00243] In some embodiments, 40% or more of an atrial contraction may
occur during ventricular systole. For example, the atrial contraction may start
approximately 60 ms or less before the contraction of the ventricle, or the excitation
of the atria may occur 60 ms or less before the excitation of the ventricle. In some
embodiments 80% or more of an atrial contraction may occur during ventricular
systole. For example, the contraction may start approximately 20 ms or less before
the contraction of the ventricle, or the excitation of the atria may occur 20 ms or less
before the excitation of the ventricle. In some embodiments, 100% of an atrial
contraction may occur during ventricular systole, in which case ventricle excitation is
timed such that ventricle contraction will begin before the commencement of atrial
contraction. This may include exciting the ventricle before the onset of atrial
excitation.

[00244] Some embodiments provide a method for causing the contraction of
at least one ventricle of a heart, such that the at least one ventricle contracts during
or before the contraction of the corresponding atrium. One way to achieve this goal
is by exciting the ventricle at a point in time between about 50 ms before to about 70
ms after the onset of excitation of the corresponding atrium. In some embodiments,
the time interval between the onset of excitation of at least one ventricle and the
onset of excitation of the corresponding atrium may be zero. In other words, the
onset of excitation for the at least one ventricle may occur at the same time as the
onset of excitation of the corresponding atrium. In some embodiments, the onset of
excitation of the ventricle may occur between about 0 ms to about 50 ms before the
onset of atrial excitation. In some embodiments, the onset of excitation of the

ventricle may occur at least 2 ms before to at least 2 ms after the onset of excitation
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of the at least one atrium. In some embodiments, the onset of excitation of the
ventricle may occur at least 10 ms before to at least 10 ms after the onset of
excitation of the at least one atrium. In some embodiments, the onset of excitation of
the ventricle may occur at least 20 ms before to at least 20 ms after the onset of
excitation of the at least one atrium. In some embodiments, the onset of excitation of
the ventricle may occur at least 40 ms before to at least 40 ms after the onset of
excitation of the at least one atrium.

[00245] In some embodiments, a method may comprise delivering a
stimulation pulse from a stimulation circuit to at least one of an atrium and a
ventricle, and operating a processor circuit coupled to the stimulation circuit to
operate in an operating mode in which a ventricle is stimulated to cause ventricular
excitation to commence between about 0 ms and about 50 ms before the onset of
atrial excitation in at least one atrium, thereby reducing the ventricular filling volume
from the pretreatment ventricular filling volume and reducing the patient’s blood
pressure from the pretreatment blood pressure. In such embodiments, atrial
excitation may be sensed to determine the onset of atrial excitation. The time
interval between the onset of atrial excitation and the moment that atrial excitation is
sensed may be known and used to calculate the timing of the onset of atrial
excitation. For example, if it is known that atrial excitation is sensed 20 ms after the
onset of atrial excitation and the ventricle is to be stimulated 40 ms before the onset
of atrial excitation, then the ventricle is to be stimulated 60 ms before the anticipated
sensing of atrial excitation. In other embodiments, the method may comprise
operating a processor circuit coupled to the stimulation circuit to operate in an
operating mode in which an atrium is stimulated to cause atrial excitation to
commence between about 0 ms and about 50 ms after the onset of ventricular
excitation in at least one ventricle, thereby reducing the ventricular filling volume
from the pretreatment ventricular filling volume and reducing the patient’s blood
pressure from the pretreatment blood pressure. For example, the processor circuit
may be configured to operate in an operating mode in which one or more excitatory
pulses are delivered to an atrium between about 0 ms and about 50 ms after one or
more excitatory pulses are provided to the patient’s ventricle. In such embodiments,
the pacing may be timed without relying on sensing atrial excitation. Optionally, in

such embodiments, atrial excitation is sensed in order to confirm that one or more
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excitatory pulses are delivered to an atrium before a natural excitation takes place.
Optionally, atrial excitation is set to commence between about 0 ms and about 50 ms
after the onset of ventricular excitation when the intrinsic atrial excitation rate is lower
than the intrinsic ventricular excitation rate.

[00246] In some embodiments, a device may comprise a stimulation circuit
configured to deliver a stimulation pulse to at least one of an atrium and a ventricle.
The device may comprise a processor circuit coupled to the stimulation circuit. In
some embodiments, the processor circuit may be configured to operate in an
operating mode in which a ventricle is stimulated to cause ventricular excitation to
commence between about 0 ms and about 50 ms before the onset of atrial excitation
in at least one atrium, thereby reducing the ventricular filling volume from the
pretreatment ventricular filling volume and reducing the patient’s blood pressure from
the pretreatment blood pressure. In such embodiments, atrial excitation may be
sensed to determine the onset of atrial excitation. The time interval between the
onset of atrial excitation and the moment that atrial excitation is sensed may be
known and used to calculate the timing of the onset of atrial excitation. For example,
if it is known or estimated that atrial excitation is sensed 20 ms after the onset of
atrial excitation and the ventricle is to be stimulated 40 ms before the onset of atrial
excitation, then the ventricle is to be stimulated 60 ms before the anticipated sensing
of atrial excitation. In other embodiments, the processor circuit may be configured to
operate in an operating mode in which an atrium is stimulated to cause atrial
excitation to commence between about 0 ms and about 50 ms after the onset of
ventricular excitation in at least one ventricle, thereby reducing the ventricular filling
volume from the pretreatment ventricular filling volume and reducing the patient’s
blood pressure from the pretreatment blood pressure. For example, the processor
circuit may be configured to operate in an operating mode in which one or more
excitatory pulses are delivered to an atrium between about 0 ms and about 50 ms
after one or more excitatory pulses are provided to the patient’s ventricle. In such
embodiments, the pacing may be timed without relying on sensing atrial excitation.
Optionally, in such embodiments atrial excitation is sensed in order to confirm that
one or more excitatory pulses are delivered to an atrium before a natural excitation

takes place. Optionally, atrial excitation is set to commence between about 0 ms
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and about 50 ms after the onset of ventricular excitation when the intrinsic atrial
excitation rate is lower than the intrinsic ventricular excitation rate.

[00247] FIGS. 10A and 10B depict a healthy anesthetized canine heart,
showing an electrocardiogram (ECG), left ventricle pressure (LVP) and arterial
(blood) pressure (AP) traced over a period of time. In FIG. 10A, before point 101,
the heart was allowed to beat naturally, and the ECG, LVP, and AP were traced. At
point 101, ventricular pacing commenced. The ventricle was paced 2 ms after the
onset of atrial excitation. This pacing caused an immediate change in the ECG,
which was concomitant with a reduction of both LVP and AP. The pacing continued
at a 2 ms time interval between the onset of atrial contractions and the onset of
ventricular pacing until point 103 in FIG. 10B, where pacing ceased. As seen,
immediately upon cessation of pacing, the ECG, LVP, and BP all returned essentially
to the same values as before pacing.

[00248] FIGS. 11A and 11B show a hypertensive canine heart under a
natural heartbeat (FIG. 11A) and when paced at a time interval of 2 ms between the
onset of atrial contractions and ventricular pacing (FIG. 11B). Each of these figures
shows traces of an ECG, right ventricular pressure (RVP), a magnified portion of the
RVP, and right atrial pressure (RAP) of the heart.

[00249] InFIG. 11A, the P wave and QRS of the natural heartbeat are
clearly seen. An increase in atrial pressure is seen following the P wave as a result
of atrial contraction. In the RVP trace, a sharp increase in RVP is seen following a
QRS complex on the ECG. This is a manifestation of ventricular contraction. When
observed at a higher magnification, this sharp increase in RVP is preceded by an
earlier, smaller increase in RVP, which coincides with atrial contraction and a
reduction in atrial pressure and is a result of blood emptying from the atrium into the
chamber. This is the atrial kick. In FIG. 11B, where pacing is at a time interval of 2
ms, the P wave is essentially unnoticeable on the ECG, and an artifact of the
electrical stimulator is discernible. The atrial kick in this case is not visible on the
magnified trace of right ventricular pressure because the atrial contraction occurred
at the same time or even a little after the start of ventricular contraction.

[00250] InFIG. 12, a hypertensive canine heart was paced either at a time
interval of 60 ms between the pacing of the atria and the pacing of the ventricle

(trace portions 105 and 107) or a time interval 120 ms of between atrial and
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ventricular pacing (trace portion 109). The trace shows the ECG of the heart, left
ventricular pressure (LVP), right ventricular pressure (RVP), a magnification of RVP,
and right atrial pressure (RAP). As seen in trace portions of RVP magnified
corresponding with trace portions 105 and 107, the atrial kick during pacing at the 60
ms time interval is very slight and the contraction of the ventricle begins slightly after
the peak of atrial contraction. In this case the contribution of atrial kick to ventricular
filling is markedly reduced but not totally eliminated and, on the other end, the peak
of atrial contraction does not occur against a closed valve and atrial stretch does not
increase. During pacing at a time interval of 120 ms, the atrial kick is clearly seen
(portion 109 in trace RVP magnified), but the start of the ventricular contraction and
the closure of the AV valve occur before the completion of atrial contraction, thereby
slightly reducing the contribution of the atrial kick to ventricular filling.

[00251] In FIG. 16, the heart of a hypertensive patient was paced with
different AV delays. This example shows the results obtained by pacing in both an
atrium and a corresponding ventricle versus pacing only the ventricle based on the
sensed pulses in the atrium. During interval d-d’, atrial pulses were sensed and
ventricular pulses were paced with an AV delay of 2 ms. During interval e-¢’, the
atrium and ventricle were both paced with an AV delay of 2 ms. During interval f-f,
the atrium and the ventricle were both paced with an AV delay of 40 ms. During
interval g-g’, the atrium and the ventricle were both paced with an AV delay of 20 ms.
During interval h-h’, the atrium and the ventricle were both paced with an AV delay of
80 ms. As shown in this example, when comparing interval d-d’ with interval e-¢’,
the blood pressure is reduced more when the atrium is paced during interval e-¢’
than when atrial activity was just sensed. As also shown in this example, when
comparing interval e-¢’, interval -, interval g-g’, and interval h-h’, the shorter AV
delays caused more of a reduction in blood pressure than the longer ones. For
example, interval g-g’ (20 ms AV-delay) shows a higher blood pressure than interval
e-e’ (2 ms AV-delay). As shown from the results of this example, the changes in
blood pressure may be caused at least partially by the different AV delays, which
result in different percentages of atrial contraction against a closed valve.

[00252] Exemplary Embodiments of Methods for Reducing Atrial Kick

[00253] An exemplary method 40 for reducing blood pressure is depicted
schematically in FIG. 13. Method 40 may be performed by device 50 of FIG. 14,
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described below. Accordingly, device 50 may be configured to perform any or all
steps of method 40. Similarly, method 40 may include any steps device 50 is
configured to perform. For example, method 40 may include any of the functions
discussed above with respect to device 50. Method 40 may include any steps from
method 600. Similarly, method 600 may include any steps from method 40. Method
40 may include any steps that system 700 may be configured to perform. System
700 may be configured to perform any or all steps of method 40.

[00254] In some embodiments, method 40 may include a step 41 of atrial
excitation. In some embodiments, step 41 includes sensing an atrial excitation. For
example, step 41 may include sensing an intrinsic atrial excitation. In some
embodiments, step 41 includes triggering atrial excitation. Method 40 may include a
step 42 in which a time interval is applied. Method 40 may include a step 43 of
triggering AV valve closure. In some embodiments, step 43 may be performed by
applying an excitatory current to the at least one ventricle and/or by actuating an
artificial valve between the at least one atrium and the corresponding ventricle(s) to
close. In some embodiments, step 41, step 42, and step 43 may be repeated as
depicted by a return arrow leading back to step 41 from step 43. In some
embodiments, an excitatory current may be applied to both ventricles, at the same
time or in sequence. In some embodiments, where both ventricles are paced in
sequence, the time interval may be measured between the onset of excitation of at
least one atrium (e.g., the right atrium) and the onset of excitation of the
corresponding ventricle to be paced (e.g., the right ventricle). In some embodiments,
where the time interval is set to be zero or negative, step 43 may be performed
before or at the same time as step 41. In some embodiments, the time interval may
be measured in milliseconds.

[00255] Optionally, contraction of the atrium and the ventricle may be
caused by controlling both contractions (e.g. by controlling the excitations leading to
the contractions). Optionally, the onset of excitation of the atrium is sensed, which
sensing triggers the closing of a valve at the prescribed timing interval. Optionally,
both atria are paced. In some embodiments, where both AV valves are closed in
sequence (e.g., as both ventricles are paced in sequence), the timing interval is
measured from the onset of excitation of the first atrium to be paced and the onset of

the valve closing or the onset of excitation of at least one ventricle. Optionally the
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timing of an excitation (e.g. the onset of excitation) of one or more chambers is
estimated, for example based on the timing in one or more preceding heart cycles,
and one or more excitation stimuli are delivered to the same and/or to a different
chamber at a desired time interval before and/or after the estimated timing.

[00256] In some embodiments, method 40 may be repeated for every
heartbeat. In some embodiments, method 40 may be performed intermittently. For
example, the method may be applied once every few heartbeats. Alternatively,
method 40 may be applied for a few heartbeats, stopped for one or more heartbeats,
and then applied again. For example, method 40 may be applied for 5 to 15
heartbeats, stopped for 2 to 5 heartbeats, and then resumed again. In some
embodiments, the pattern of application/avoiding application may be more complex
and may be optionally based on a predefined algorithm. For example, an algorithm
may adjust parameters of stimulation rather than simply stop and start stimulation.
Application of method 40 in some embodiments reduces ventricle filling between
heartbeats thereby potentially reducing the ejection profile. As used herein, the
ejection profile of a heart is the total amount of blood pumped by the heart in a given
period of time. In some embodiments, an intermittent application of method 40 may
be applied to counteract a reduction in the ejection profile of the heart.

[00257] In some embodiments, the time interval applied in step 42 may be
selected based on feedback. In such cases, method 40 may include step 44 of
sensing a feedback parameter from one or more of the heart chambers, any portion
thereof, and/or the body of the patient. For example, feedback information may be
obtained by monitoring directly or indirectly one or more of the atrial kick, blood
pressure (e.g., at an artery), ventricular pressure, and/or atrial pressure. In some
embodiments, feedback information may additionally or alternatively include the
degree of overlap between the time when the atrium contracts and the time when the
AV valve is closed and/or the time when the ventricle contracts. For example, an
ultrasound sensor may be used to detect cardiac activity, for example, by ultrasound
imaging of cardiac activity or by creating an echocardiogram (ECHO). In some
embodiments, step 44 may include using an ultrasound sensor to detect the flow of
blood (e.g., the velocity of flow) and/or cardiac tissue movement at any arbitrary

point using pulsed or continuous wave Doppler ultrasound. Optionally, step 44 may
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include using an ultrasound sensor to detect an A wave corresponding to the
contraction of the left atrium and the flow of blood to the left ventricle.

[00258] Method may include a step 45 of adjusting the time interval from
step 42 based on the feedback information from step 44. For example, step 45 may
include adjusting the time interval based on a sensed blood pressure. As shown by
the arrow directed from step 45 to step 41 in FIG. 13, step 41, step 42, step 43,
and/or step 44 may be repeated after performing step 45. In some embodiments,
the time interval may be initially set at a first value during step 41 and, based on
feedback sensing performed during step 44, the time interval may be reduced or
increased during step 45 until the feedback value is within a given range (or above or
below a given value). For example, the time interval may be adjusted until such time
that systolic blood pressure is above 100 mmHg and/or below 140 mmHg and/or
diastolic blood pressure is below 90 mmHg and/or above 60 mmHg.

[00259] In some embodiments, step 44 and step 45 may be performed
during operation of method 40 for every application of step 43 (e.g., application of a
ventricular pacing stimulus). In some embodiments, alternatively or additionally, step
44 and step 45 may be performed upon providing a device to a patient (e.g., by
implantation of the device) according to one or more embodiments. The adjusting
steps may be repeated periodically (for example by a care taker during a checkup)
and/or intermittently (for example once an hour or once every few applications of a
ventricular pacing stimulus). In some embodiments, step 45 may be performed
when feedback information indicates that one or more sensed parameters exceed a
preset range for a period of time that exceeds a predefined period.

[00260] The steps of method 40 may be performed in any order. For
example, the steps may be performed in the order indicated by the arrows shown in
FIG. 13. In another embodiment, step 42 may be performed before step 41.

[00261] The timing of atrial contraction, atrial excitation, ventricular
contraction, closing and/or opening of the AV valve(s), and/or the flow or lack thereof
of blood from one or more atria to the respective ventricle(s) and/or blood pressure
may be detected by any method known in the art and may be used as feedback
control. In some embodiments, the onset of excitation may be used as a trigger for

the delivery of an excitatory stimulus to one or more ventricles. The sensed
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information may be additionally or alternatively be used in the adjusting of a timing
interval of the device.

[00262] Optionally, feedback parameters may allow responding to
conditions that require additional throughput from the heart, and rather than adjust
the timing interval they may be used to automatically stop the causing of valve
closing at a shortened timing interval. For example, the feedback parameters may
lead to an adjustment during exercise. In this example, a heart rate sensor may be
used to provide feedback information on the heart rate of the patient. If the heart
rate is above a given threshold the feedback may be used to cause the device to
stop. The device may be activated again based on sensed feedback information, for
example, when the heart rate is below a given threshold and/or after a
predetermined period has passed.

[00263] Embodiments of Devices for Reducing Blood Pressure

[00264] Attention is now drawn to FIG. 14, which schematically depicts an
exemplary device 50 according to an embodiment. Device 50 may be constructed
and have components similar to a cardiac pacemaker essentially as known in the art
with some modifications as discussed herein. Optionally, the device is implantable.
Optionally, the device comprises components that may provide additional and/or
alternative electrical treatments of the heart (e.g., defibrillation). Device 50 may be
configured for implantation in the body of a patient essentially as is known in the art
for implantable pacemakers, optionally with some modifications as discussed herein.
Device 50 may include any components of system 700 and system 700 may include
any components of device 50.

[00265] Device 50 may include a biocompatible body 51, one or more
controllers 52, a power source 53, and a telemetry unit 56. Body 51 may comprise a
housing for encasing a plurality of components of the device. Controller(s) 52 may
be configured to control the operation of the device. For example, controller(s) 52
may control the delivery of stimulation pulses. In some embodiments, power source
53 may include a battery. For example, power source 53 may include a
rechargeable battery. In some embodiments, power source 53 may include a battery
that is rechargeable by induction. In some embodiments, telemetry unit 56 may be
configured to communicate with one or more other units and/or components. For

example, telemetry unit 56 may be configured to communicate with an external
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programmer and/or a receiving unit for receiving data recorded on device 50 during
operation.

[00266] In some embodiments, device 50 may be configured to be attached
to one or more electrodes and/or sensors. The electrodes and/or sensors may be
integrated in device 50, attached thereto, and/or connectable therewith. In some
embodiments, the electrodes may include ventricular electrode(s) 561 configured to
pace at least one ventricle. Additionally or alternatively, the device may be
connected, optionally via wires or wirelessly, to at least one implanted artificial valve
562. Additionally, device 50 may comprise one or more atrial electrode(s) 57 for
pacing one or more atria, and/or one or more atrial sensors 58 for sensing the onset
of atrial excitation, and/or one or more sensors 59 for providing other feedback
parameters.

[00267] In some embodiments, sensor(s) 59 may comprise one or more
pressure sensors, electrical sensors (e.g., ECG monitoring), flow sensors, heart rate
sensors, activity sensors, and/or volume sensors. Sensor(s) 59 may include
mechanical sensors and/or electronic sensors (e.g., ultrasound sensors, electrodes,
and/or RF transceivers). In some embodiments, sensor(s) 59 may communicate
with device 50 via telemetry.

[00268] In some embodiments, ventricular electrode(s) 561 and/or atrial
electrode(s) 57 may be standard pacing electrodes. Ventricular electrode(s) 561
may be positioned relative to the heart at positions as known in the art for ventricular
pacing. For example, ventricular electrode(s) may be placed in and/or near one or
more of the ventricles. In some embodiments, atrial electrode(s) 57 may be placed
in and/or near one or more of the atria. In some embodiments, atrial electrode(s) 57
may be attached to the one or more atria at one or more positions selected to
provide early detection of atrial excitation or depolarization. For example, in some
embodiments, atrial electrode(s) 57 may be attached to the right atrium near the site
of the sinoatrial (SA) node.

[00269] One position of ventricular electrode(s) 561 may be such that
pacing may reduce or minimize the prolongation of QRS when the heart is paced, to
reduce or even minimize dyssynchrony. In some embodiments, this position is on
the ventricular septum near the Bundle of His. Ventricular electrode(s) 561 may

additionally or alternatively be placed on the epicardium of the heart or in coronary
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veins. More than one electrode can be placed on the ventricles to provide
biventricular pacing, optionally to reduce dyssynchrony.

[00270] Device 50 may include a pulse generator, or stimulation circuit,
configured to deliver a stimulation pulse to at least one cardiac chamber. The pulse
generator, or stimulation circuit, may include some or all standard capabilities of a
conventional pacemaker. Controller 52 may be configured to control the pulse
generator, or stimulation circuit. Atrial sensor(s) 58 (and optionally other electrode
sensors configured to sense other heart chambers) may be connected to device 50
via specific circuits that will amplify the electrical activity of the heart and allow
sampling and detection of the activation of the specific chamber. Other circuits may
be configured to deliver stimulation to a specific electrode to pace the heart, creating
propagating electrical activation.

[00271] In some embodiments, one or more additional sensors 59 may be
placed in and/or on one or more of the atria and/or in and/or on one or more of the
ventricles and/or in and/or on one or more other locations that might optionally be
adjacent the heart. For example, one or more sensors may be placed on and/or in
vena cava and/or on one or more arteries and/or within one or more cardiac
chambers. These sensors may measure pressure, or other indicators, such as, for
example, impedance and/or flow.

[00272] In some embodiments, controller 52 may comprise or be a
microprocessor powered by power source 53. In some embodiments, device 50
may comprise a clock 54, for example, generated by a crystal. Device 50 may
comprise an internal memory 55 and/or be connected to external memory. For
example, device may connect to an external memory via telemetry unit 56. In some
embodiments, telemetry unit 56 may be configured to allow communication with
external devices such as a programmer and/or one or more of sensors 59. Any and
all feedback information and/or a log of device operation may be stored in internal
memory 55 and/or relayed by telemetry unit 56 to an external memory unit.

[00273] In some embodiments, controller 52 may operate in accordance
with at least one embodiment of a method described herein.

[00274] In some embodiments, device 50 may comprise one or more
sensors for sensing one or more feedback parameters to control the application of

the AV delay and/or its magnitude.
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[00275] Embodiments of Artificial Valves
[00276] Additionally or alternatively, device 50 may be configured to directly

control the operation of at least one implanted artificial valve 562. Attention is now
drawn to FIG. 15, which schematically depicts an artificial valve 60 according to an
embodiment of the invention. Valve 60 as depicted in the example is a bi-leaflet,
essentially as known in the art for artificial valves. While the following example
relates to a bi-leaflet valve it is appreciated that embodiments may be implemented
in other artificial valves, for example, caged ball valves and disc valves as well.

[00277] As shown in FIG. 15, valve 60 may comprise a ring 61 for suturing
the valve in place when implanted in a heart of a patient. Valve 60 may include two
semicircular leaflets 62 that rotate about struts 63 attached to ring 61. In this
schematic representation, other device components are schematically depicted as
body 64, which corresponds to body 51 as shown in FIG. 14. Body 64 may receive
feedback information from heart 65, in which valve 60 is implanted.

[00278] Valve 60 differs from conventional artificial valves in that its closure
may be directly controlled by device 50. Valve 60 may comprise a mechanism (for
example, a coil or a hydraulic mechanism) that is configured to actively cause
closure of the valve (for example, by rotating struts 63 or by inflating a portion of the
one or more of leaflets 62). The mechanism may later be brought back to a relaxed
position to allow opening of the valve and to allow its repeated closing as needed.
The relaxation may be performed at a predetermined time after closing. Additionally
or alternatively, relaxation may be affected in response to a sensor reading
ventricular activity (e.g., a pressure sensor). Control over valve 60 may be operated
wirelessly (using a telemetry unit associated with the valve) or by wired
communication with components in body 64. In some embodiments, valve 60 may
be a valve configured to be opened and closed independent of fluid pressure acting
on the valve. For example, valve 60 may be a ball valve.

[00279] Effects of Embodiments for Reducing Blood Pressure

[00280] Overall, some embodiments of the disclosed methods and systems
provide different approaches to reducing the filling of at least one ventricle,
consequently reducing blood pressure. Unlike previous mechanical methods for
reducing blood pressure, some embodiments described herein may achieve this goal

without increasing pressure within the at least one corresponding atrium. Without an
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increase in atrial pressure to trigger the secretion of atrial natriuretic hormone, or
atrial natriuretic peptide, the reduction of blood pressure can be mechanically
controlled. The disclosed embodiments may prevent an unwanted effect on heart
rate and may reduce the likelihood of canon atrial waves.

[00281] Some of the disclosed embodiments may reduce atrial kick while
also increasing atrial stretch, causing the release of atrial natriuretic peptide. For
example, disclosed embodiments may comprise a method including a step of
stimulating a heart to cause an atrium thereof to contract while a heart valve
associated with the atrium is closed such that the contraction distends the atrium.
Reducing atrial kick and causing the release of atrial natriuretic peptide at the same
time may have a synergistic effect on lowering blood pressure. In some
embodiments, controlling the timing of valve closure relative to atrial contraction may
control the amount one or more atria stretches.

[00282] Unlike previous pharmaceutical or mechanical methods for reducing
blood pressure, some of the disclosed embodiments achieve the goal of reducing
blood pressure immediately. For example, a reduction in blood pressure may occur
within 1-3 sec or within 1, 3, or 5 heartbeats of the application of electricity and the
blood pressure may reach a minimal blood pressure value within less than 5
heartbeats from the beginning of stimulation.

[00283] Examples discussed above strike a balance between mechanical
treatment, neuronal feedback, and the natural release of hormones that cause
adaptation. The mechanical treatment and the natural release of hormones may be
additive or even synergistic mechanisms. The hormonal release affects the
cardiovascular system while the mechanical treatment affects the heart itself.
Intermittently delivering the mechanical treatment to reduce blood pressure may
affect both the neuronal and hormonal feedback controlling the cardiovascular
system and reduce adaptation.

[00284] The headings used in this specification are only meant to aid in
organization and do not define any terms.

[00285] The present disclosure is related to the following applications, all of
which are incorporated by reference in their entirety:

-U.S. Patent Application Publication Number 2012/0215272 to Levin et al.,

published on August 23, 2012;
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-U.S. Patent Application Publication Number 2011/0172731 to Levin et al.,

published on July 14, 2011;

-U.S. Patent Application Serial Number 13/688,978 to Levin et al., filed on

November 29, 2012; and

-U.S. Patent Application Publication Number 2012/0041502 to Schwartz et al.,

published on February 16, 2012.

[00286] While various embodiments of the invention have been described,
the description is intended to be exemplary, rather than limiting and it will be
apparent to those of ordinary skill in the art that many more embodiments and
implementations are possible that are within the scope of the invention. Accordingly,
the invention is not to be restricted except in light of the attached claims and their
equivalents. Also, various modifications and changes may be made within the scope

of the attached claims.
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WHAT IS CLAIMED IS:

1. A system for reducing ventricular filling volume in a patient having a pretreatment
ventricular filling volume, comprising:

a stimulation circuit configured to deliver a stimulation pulse to at least one
cardiac chamber; and

at least one controller configured to execute delivery of one or more
stimulation patterns of stimulation pulses to at least one cardiac chamber, wherein at
least one of the stimulation pulses has a first stimulation setting and at least one of
the stimulation pulses has a second stimulation setting different from the first
stimulation setting, at least one of the first stimulation setting and the second
stimulation setting being configured to reduce or prevent atrial kick, thereby reducing

the ventricular filling volume from the pretreatment ventricular filling volume.

2. The system of claim 1, wherein the stimulation setting being configured to reduce
or prevent atrial kick is a stimulation setting having an AV delay of between -50 ms

and 70 ms from atrial excitation to ventricular excitation.

3. The system of any of claims 1 and 2, wherein the first stimulation setting and the

second stimulation setting are configured to reduce or prevent atrial kick.

4. The system of any of claims 1-3, wherein the first stimulation setting has a

different AV delay than the AV delay of the second stimulation setting.

5. The system of any of claims 1-4, wherein at least one of the one or more

stimulation patterns is repeated at least twice in a period of one hour.

6. The system of any of claims 1-5, wherein the at least one controller is configured
to execute the one or more stimulation patterns consecutively for a time interval
lasting 10 minutes or longer; and

wherein the first stimulation setting is configured to reduce or prevent atrial

kick in at least one ventricle for at least 50% of the time interval.
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7. The system of any of claims 1-6, wherein the second stimulation setting has a

longer AV delay than the first stimulation setting.

8. The system of any of claims 6 and 7, wherein the one or more consecutive
stimulation patterns comprise at least one stimulation pulse having the first

stimulation setting for at least about 85% of the time interval.

9. The system of any of claims 6-8, wherein the time interval is at least 30 minutes

long.

10.The system of claim 9, wherein the time interval is at least one hour long.

11.The system of claim 10, wherein the time interval is at least 24 hours long.

12.The system of any of claims 1-11, wherein the one or more consecutive
stimulation patterns comprise at least one stimulation pulse having a third stimulation
setting different from the first stimulation setting and the second stimulation setting

configured to reduce or prevent atrial kick in at least one ventricle.

13. The system of any of claims 1-12, wherein the one or more consecutive
stimulation patterns comprise at least one stimulation pulse having a third stimulation
setting different from the first stimulation setting and the second stimulation setting
and configured not to reduce or prevent atrial kick in at least one ventricle for less

than about 50% of the time interval.

14. The system of claim 13, wherein the third stimulation setting is configured not to
reduce or prevent atrial kick in at least one ventricle for about 20% or less of the time

interval.

15.The system of any of claims 1-14, wherein the one or more stimulation patterns
comprise a sequence of 10-60 stimulation pulses having the first stimulation setting,
the first stimulation setting being configured to reduce or prevent atrial kick in at least

one ventricle, and a sequence of 1-10 heartbeats embedded within the 10-60
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stimulation pulses, the sequence of 1-10 heartbeats having a longer AV delay than

the first stimulation setting.

16. The system of claim 15, wherein the sequence of 1-10 heartbeats includes at
least one stimulation pulse having a first stimulation setting configured to reduce or

prevent atrial kick in at least one ventricle.

17.The system of any of claims 15 and 16, wherein the sequence of 1-10 heartbeats

includes a natural AV delay.

18.The system of any of claims 15-17, wherein at least one heartbeat of the

sequence of 1-10 heartbeats occurs without stimulation.

19. The system of any of claims 1-18, wherein the first stimulation setting is
configured to reduce atrial kick in at least one ventricle and the second stimulation
setting is configured to reduce the baroreflex response or adaptation to the reduction
in atrial kick such that the increase in blood pressure values occurring between

stimulation pulses is limited to a predetermined value.

20.The system of claim 19, wherein the second stimulation setting is configured to

allow an increase in blood pressure for about 1 heartbeat to about 5 heartbeats.

21.The system of any of claims 1-20, wherein the stimulation pattern includes

multiple stimulation pulses having the first stimulation setting.

22.The system of any of claims 1-21, wherein the stimulation pattern includes

multiple stimulation pulses having the second stimulation setting.

23.The system of claim 22, wherein between about 1% and 40% of the multiple

stimulation pulses of the stimulation pattern have the second stimulation setting.

24.The system of any one of claims 1-23, wherein the stimulation pattern includes a

ratio of stimulation pulses having the first stimulation setting to the stimulation pulses
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having the second stimulation setting that corresponds to a ratio of time constants of

the response to increase and decrease in blood pressure.

25.The system of any one of claims 1-24, wherein the first stimulation setting
includes a first AV delay and the second stimulation setting includes a second AV

delay, the first AV delay being shorter than the second AV delay.

26.The system of any of claims 1-25, wherein the at least one stimulation pattern
includes a ratio of about 8 to about 13 stimulation pulses having the first stimulation
setting to about 2 to about 5 the stimulation pulses having the second stimulation

setting.

27.The system of any of claims 1-26, wherein at least one of the first stimulation
setting and the second stimulation setting is configured to invoke a hormonal

response from the patient’s body.

28. A system for reducing ventricular filling volume of a patient having a pretreatment
ventricular filling volume, comprising:

a stimulation circuit configured to deliver a stimulation pulse to at least one
cardiac chamber; and

at least one controller configured to execute the delivery of one or more
stimulation patterns of stimulation pulses to at least one cardiac chamber,

wherein at least one of the stimulation pulses includes a setting configured to
cause a ventricular excitation to commence between about 0 ms, preferably > 0 ms,
and about 70 ms after the onset of atrial excitation, thereby reducing the ventricular

filling volume from the pretreatment ventricular filling volume.

29. The system of claim 28, wherein the stimulation circuit is configured to deliver a

stimulation pulse to both of at least one atrium and at least one ventricle.

30.The system of claim 29, comprising a sensor for sensing the excitation rate of at

least one of an atrium and at least one ventricle, wherein the controller is configured
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to detect the patient’s heart rate based on said sensing and to deliver said

stimulation pulse at a rate that is higher than the sensed excitation rate.

31. A system for reducing ventricular filling volume in a patient having a pretreatment
ventricular filling volume, comprising:

a stimulation circuit configured to deliver a stimulation pulse to at least one
cardiac chamber;

at least one controller configured to execute the delivery of one or more
stimulation patterns of stimulation pulses to at least one cardiac chamber for a time
interval lasting 10 minutes or longer, wherein at least one of the stimulation pulses
has a first stimulation setting configured to reduce or prevent atrial kick in at least
one ventricle for at least 5 minutes of the time interval and at least one of the
stimulation pulses has a second stimulation setting different from the first stimulation
setting, thereby reducing the ventricular filling volume from the pretreatment

ventricular filling volume.

32. A method of reducing ventricular filling in a patient having a pretreatment
ventricular filling volume, comprising:

delivering one or more stimulation patterns of stimulation pulses to at least
one cardiac chamber for a time interval lasting 10 minutes or longer, wherein at least
one of the stimulation pulses has a first stimulation setting configured to reduce or
prevent atrial kick in at least one ventricle for at least 5 minutes of the time interval
and at least one of the stimulation pulses has a second stimulation setting different

from the first stimulation setting.

33. A device for reducing blood pressure of a patient having a pretreatment blood
pressure and a pretreatment ventricular filling volume, comprising:

a stimulation circuit configured to deliver a stimulation pulse to at least one of
an atrium and a ventricle; and

a processor circuit coupled to the stimulation circuit, the processor circuit
configured to operate in an operating mode in which a ventricle is stimulated to
cause ventricular excitation to commence between about 0 ms and about 50 ms

before the onset of atrial excitation in at least one atrium, thereby reducing the
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ventricular filling volume from the pretreatment ventricular filling volume and reducing

the patient’s blood pressure from the pretreatment blood pressure.

34. The device of claim 33, wherein the operating mode includes stimulating the
ventricle to cause the ventricle to contract before the onset of contraction of the at

least one atrium.

35. The device of claim 34, wherein the operating mode includes stimulating the
ventricle to cause the ventricle to contract before the onset of contraction of the at
least one atrium, thereby causing the AV valve to be closed during at least part of a

contraction of the at least one atrium.

36. The device of any one of claims 33-35, wherein the operating mode includes
stimulating the ventricle to cause it to contract before the onset of contraction of the
at least one atrium, thereby causing the AV valve to be closed during at least part of

a contraction of the at least one atrium.

37.The device of any one of claims 33-36, wherein the operating mode includes
delivering one or more excitatory pulses to the at least one atrium between about 0

ms and 50 ms after one or more excitatory pulses are delivered to the ventricle.

38. A method for reducing blood pressure of a patient having a pretreatment blood
pressure and a pretreatment ventricular filling volume, comprising:

delivering a stimulation pulse from a stimulation circuit to at least one of an
atrium and a ventricle; and

operating a processor circuit coupled to the stimulation circuit to operate in an
operating mode in which a ventricle is stimulated to cause ventricular excitation to
commence between about 0 ms and about 50 ms before the onset of atrial excitation
in at least one atrium, thereby reducing the ventricular filling volume from the
pretreatment ventricular filling volume and reducing the patient’s blood pressure from

the pretreatment blood pressure.
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39. The method of claim 38, wherein the operating mode includes stimulating the
ventricle to cause the ventricle to contract before the onset of contraction of the at

least one atrium.

40. The method of claim 39, wherein the operating mode includes stimulating the
ventricle to cause the ventricle to contract before the onset of contraction of the at
least one atrium, thereby causing the AV valve to be closed during at least part of a

contraction of the at least one atrium.

41.The method of claim 40, wherein the operating mode includes stimulating the
ventricle to cause the ventricle to contract before the onset of contraction of the at
least one atrium, thereby causing the AV valve to be closed during the onset of

contraction of at least one atrium.

42.The method of any one of claims 38-41, wherein the operating mode includes
delivering one or more excitatory pulses to the at least one atrium between about 0

ms and 50 ms after one or more excitatory pulses are delivered to the ventricle.

43. A device for reducing blood pressure of a patient having a pretreatment blood
pressure and a pretreatment ventricular filling volume, comprising:

a stimulation circuit configured to deliver a stimulation pulse to at least one
cardiac chamber of a patient’s heart; and

a processor circuit coupled to the stimulation circuit, the processor circuit
configured to operate in an operating mode in which at least one cardiac chamber is
stimulated to cause between about 40% of an atrial contraction and about 100% of
an atrial contraction to occur at a time when an atrioventricular valve related to the
atrium is closed, preferably by causing the atrial contraction to commence 60 ms or
less before closure of the atrioventricular valve, thereby reducing the ventricular
filling volume from the pretreatment ventricular filling volume and reducing the

patient’s blood pressure from the pretreatment blood pressure.

44. A device for reducing blood pressure of a patient having a pretreatment blood

pressure and a pretreatment ventricular filling volume, comprising:
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a stimulation circuit configured to deliver a stimulation pulse to at least one
cardiac chamber; and

a processor circuit coupled to the stimulation circuit, the processor circuit
configured to operate in an operating mode in which at least cardiac chamber and a
ventricle is paced to cause about 50% to about 95% of an atrial contraction to occur
during ventricular systole, preferably by causing the atrial contraction to commence
about 50 ms to 5 ms before commencement of ventricular contraction, thereby
reducing the ventricular filling volume from the pretreatment ventricular filling volume

and reducing the patient’s blood pressure from the pretreatment blood pressure.

45. A device for reducing blood pressure of a patient having a pretreatment blood
pressure and a pretreatment ventricular filling volume, comprising:

a stimulation circuit configured to deliver a stimulation pulse to at least one of
cardiac chamber; and

a processor circuit coupled to the stimulation circuit, the processor circuit
configured to operate in an operating mode in which at least one of the cardiac
chambers is stimulated to cause a ventricular excitation to commence between
about 0 ms and about 70 ms after the onset of atrial excitation, thereby reducing the
ventricular filling volume from the pretreatment ventricular filling volume and reducing

the patient’s blood pressure from the pretreatment blood pressure.

46. A method, carried out with an implanted heart muscle stimulator associated with
a heart of a patient, for treating a blood pressure disorder in the patient, the patient
having a pretreatment blood pressure, the method comprising:

stimulating a heart to cause an atrium thereof to contract while a heart valve
associated with the atrium is closed such that the contraction distends the atrium,
and the distending atrium results in reducing the patient’s blood pressure from the
pretreatment blood pressure, preferably by causing the atrium to contract at a time
when pressure in a ventricle is maximal so that active force of atrial contraction
increases atrial stretch above maximal passive stretch caused by contraction of the

ventricle.
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47.A system for reducing blood pressure comprising:

at least one stimulation electrode for stimulating at least one chamber of a
heart of a patient with a stimulation pulse;

at least one controller configured to execute one or more consecutive
stimulation patterns for a time interval lasting 10 minutes or longer; and

wherein the one or more consecutive stimulation patterns comprise a first
stimulation setting configured to reduce or prevent atrial kick in at least one ventricle
for at least 50% of the time interval, and a second stimulation setting having a longer
AV delay than the first stimulation setting for at least one heartbeat during the time

interval.

48. The system of claim 47, wherein the one or more consecutive stimulation
patterns comprise the first stimulation setting for at least about 85% of the time

interval.

49.The system of any of claims 47 and 48, wherein the time interval is at least 30

minutes long.

50. The system of claim 49, wherein the time interval is at least 1 hour long.

51.The system of claim 50, wherein the time interval is at least 24 hours long.

52.The system of any of claims 47-51, wherein the one or more consecutive
stimulation patterns comprise a third stimulation setting different from the first setting

and configured to reduce or prevent atrial kick in at least one ventricle.

53. The system of any of claims 47-51, wherein the one or more consecutive
stimulation patterns comprise a third stimulation setting different from the first
stimulation setting and configured not to reduce or prevent atrial kick in at least one

ventricle for less than about 50% of the time interval.

54. The system of any of claims 47-51, wherein the one or more consecutive

stimulation patterns comprise a third stimulation setting different from the first setting
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and configured not to reduce or prevent atrial kick in at least one ventricle for about

20% or less of the time interval.

55. A system for reducing blood pressure comprising

at least one stimulation electrode for stimulating at least one chamber of a
heart of a patient with a stimulation pulse; and

at least one controller configured to execute one or more consecutive
stimulation patterns comprising a sequence of 10-60 stimulation pulses having a first
stimulation setting configured to reduce or prevent atrial kick in at least one ventricle
and a sequence of 1-10 heartbeats embedded within the 10-60 stimulation pulses,
the sequence of 1-10 heartbeats having a longer AV delay than the first stimulation

setting.

56. The system of claim 55, wherein the sequence of 1-10 heartbeats includes at
least one stimulation pulse having a first stimulation setting configured to reduce or

prevent atrial kick in at least one ventricle.

57. The system of claim 55 or 56, wherein the sequence of 1-10 heartbeats includes

a natural AV delay.

58. The system of any of claims 55-57, wherein the sequence of 1-10 heartbeats

occurs without stimulation.

59. A system for reducing blood pressure comprising:
at least one stimulation electrode for stimulating at least one chamber of a
heart of a patient with a stimulation pattern comprising at least one stimulation pulse;
and
at least one controller configured to:
receive input relating to the patient’s blood pressure; and

adjust the stimulation pattern based on said blood pressure.

60. The system of claim 59, wherein the controller is configured to adjust the

stimulation pattern by performing an adjustment process that includes adjusting a
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parameter of a first stimulation setting of at least one of the at least one stimulation

pulse.

61. The system of claim 60, wherein the first stimulation setting is configured to

reduce or prevent atrial kick in at least one ventricle.

62. The system of any of claims 61 or 62, wherein the parameter is adjustment of the
AV delay.

63. The system of any one of claims 59-62, wherein the stimulation pattern is
configured to cause a reduction in blood pressure by at least a predetermined
amount within about 3 seconds from an application of electricity to the heart, and to

maintain a reduction in blood pressure for a time interval of at least 1 minute.

64. The system of claim 63, wherein the time interval is at least 5 minutes.

65. The system of any one of claims 63 and 64, wherein the predetermined amount

of blood pressure reduction is 8 mmHg or more.

66. The system of any one of claims 63-65, wherein the predetermined amount of

blood pressure reduction is at least 4% of the patient’s pretreatment blood pressure.

67. The system of any one of claims 63-66, wherein blood pressure does not exceed
a predetermined average value during the time interval by more than a

predetermined degree.

68. The system of claim 67, wherein the predetermined degree is a difference of

about 8 mmHg or less.

69. The system of any one of claims 59-68, wherein the controller is configured to:
execute a plurality of stimulation patterns and receive for each of the
stimulation patterns a corresponding input data set relating to the patient’s blood

pressure during the stimulation;
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calculate for each of the plurality of stimulation patterns at least one blood
pressure variation parameter relating to the input data set; and
adjust the stimulation pattern according to the blood pressure variation

parameter.

70.The system of claim 69, wherein the controller is configured to adjust the

stimulation pattern to be the one with the best blood pressure variation parameter.

71.The system of claim 70, wherein the best blood pressure variation parameter is
one that displays a lowest degree of baroreflex or a lowest degree or rate of

adaptation.

72.The system of any one of claims 70 and 71, wherein the best blood pressure
variation parameter is one that displays a baroreflex within a predetermined range or

a degree of adaptation within a predetermined range.

73.The system of any one of claims 69-72, wherein at least two stimulation patterns
of the plurality of stimulation patterns each comprise at least one stimulation pulse

having a stimulation setting configured to reduce or prevent atrial kick in at least one
ventricle, wherein the at least two stimulation patterns differ one from another by the
number of times or the length of time the at least one stimulation pulse is provided in

sequence.

74.The system of any one of claims 69-73, wherein the plurality of stimulation
patterns differ by the number of times or the length of time that the system is

configured to elicit a predetermined AV delay in sequence.

75.The system of any one of claims 69-74, wherein at least two stimulation patterns
of the plurality of stimulation patterns differ one from another by one or more

stimulation settings included within each of the at least two stimulation patterns.

76. The system of any one of claims 69-75, wherein the plurality of stimulation

patterns includes a first stimulation pattern and a second stimulation pattern
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executed after the first stimulation pattern, the second stimulation pattern having at
least one stimulation setting that was set based on an algorithm using blood
pressure variation parameters relating to the input data set of the first stimulation

pattern.

77.The system of any one of claims 69-76, comprising a blood pressure sensor for

providing the input data set relating to the patient’s blood pressure.

78.The system of claim 77, wherein the blood pressure sensor is implantable.

79. The system of any one of claims 77 and 78, wherein the blood pressure sensor

and the controller are configured to operate at least partially as a closed loop.

80. A system for reducing blood pressure comprising:
at least one stimulation electrode for stimulating at least one chamber of a
heart of a patient with a stimulation pulse; and
a controller configured to:
provide a first stimulation pattern comprising at least one stimulation
setting configured to reduce or prevent atrial kick in at least one
ventricle for a first time interval and to receive a first input data set
relating to a patient’s blood pressure during said first time interval,
calculate at least one blood pressure variation parameter relating to the
first input data set;
adjust at least one parameter of a second stimulation pattern comprising a
second stimulation setting configured to reduce or prevent atrial kick in
at least one ventricle, the second stimulation setting being based upon
the at least one blood pressure variation parameter; and

provide the second stimulation pattern for a second time interval.
81.A system for reducing blood pressure comprising:

at least one stimulation electrode for stimulating at least one chamber of a

heart of a patient with a stimulation pulse; and
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at least one controller configured to execute a stimulation pattern comprising
at least one stimulation setting configured to reduce or prevent atrial kick in at least
one ventricle,

wherein the stimulation pattern is selected to cause an immediate reduction in
blood pressure from an initial pressure value to a reduced pressure value and to
maintain a patient’s average blood pressure at rest at least 8 mmHg below the initial

pressure.

82. The system of claim 81, wherein the reduced blood pressure value is maintained

for a time interval of at least 1 minute.

83. A kit for reducing blood pressure comprising:
at least one device for setting a stimulation pattern for reducing blood
pressure, the at least one device comprising:
at least one stimulation electrode; and
a controller for setting an adjustable stimulation pattern; and
a set of instructions for adjusting the stimulation pattern based on input

relating to patient blood pressure.

84. A system for reducing blood pressure comprising:

at least one stimulation electrode for stimulating at least one chamber of a
heart of a patient; and

at least one controller configured to execute a stimulation pattern comprising
at least one stimulation pulse having at least one stimulation setting configured to
reduce or prevent atrial kick in at least one ventricle,

wherein the at least one stimulation setting is configured such that maximum
atrial stretch is at a value that is about equal to or lower than maximum atrial stretch

of the same heart when not receiving stimulation.

85. The system of claim 84, wherein the at least one stimulation setting is configured

to cause an atrium to be at maximum contraction when the AV valve is open.

83



WO 2014/100429 PCT/US2013/076600

86. The system of any of claims 84, wherein the at least one stimulation setting is
configured to reduce the force of at least one atrial contraction, preferably such that
the at least one atrial contraction contracts with less force than in a previous natural

atrial contraction.

87. The system of claim 86, wherein the at least one stimulation setting is configured
to reduce the force of the at least one atrial contraction by temporarily generating

atrial spasm or atrial flutter.

88.The system of any of claims 84 and 85, wherein the at least one stimulation
setting is configured to prevent at least one atrial contraction, preferably by

temporarily generating atrial spasm or atrial flutter.

89. A system for reducing blood pressure comprising:
at least one stimulation electrode for stimulating at least one chamber of a
heart of a patient; and
at least one controller configured to:
execute a stimulation pattern of stimulation pulses to the heart of a patient;
receive input relating to the patient’s AV valve status; and
adjust the at least one stimulation pattern based on the patient’'s AV valve

status.

90. The system of claim 89, wherein the input relating to the patient’'s AV valve status

is indicative of the timing of closure of the AV valve.

91. The system of any one of claims 89 and 90, wherein the input relating to the

patient’s AV valve status is provided based on a heart sound sensor.

92. The system of any one of claims 89 and 90, wherein the input relating to the

patient’s AV valve status is provided based on a blood flow sensor.

93. The system of claim 91 or 92, wherein the heart sound sensor or the blood flow

sensor is an implanted sensor.
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94. The system of any of claims 92 and 93, wherein the blood flow sensor includes

an ultrasound sensor for sensing blood flow through the AV valve.

95. The system of any one of claims 91-94, wherein the controller and each blood
flow sensor or heart sound sensor are configured to operate at least partially as a

closed loop.

96. The system of any one of claims 89-95, wherein the stimulation pattern
comprises at least one stimulation pulse configured to reduce or prevent the atrial

kick in at least one ventricle.

97.The system of any of claims 89-96, wherein the step of adjusting the at least one

stimulation pattern includes adjusting the AV delay of at least one stimulation pulse.

98. A system for reducing blood pressure comprising:

at least one stimulation electrode for stimulating at least one chamber of a
heart of a patient; and

at least one controller configured to execute a stimulation pattern comprising
multiple stimulation pulses,

wherein at least one stimulation pulse of the multiple stimulation pulses has a
first stimulation setting configured to reduce atrial kick in at least one ventricle, and at
least one stimulation pulse of the multiple stimulation pulses has a second
stimulation setting configured to reduce baroreflex response to the reduction in atrial
kick, such that increase in blood pressure values occurring between stimulation

pulses is limited to a predetermined range.

99. The system of claim 98, wherein the second stimulation setting is configured to

allow an increase in blood pressure for about 1 heartbeat to 5 heartbeats.

100. The system of any one of claims 98 and 99, wherein the stimulation pattern
includes multiple stimulation pulses having the first stimulation setting and at least

one stimulation pulse having the second stimulation setting.
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101. The system of claim 100, wherein the stimulation pattern includes multiple

stimulation pulses having the second stimulation setting.

102. The system of any of claims 98-101, wherein between about 1% of the
multiple stimulation pulses and 40% of the multiple stimulation pulses of the

stimulation pattern have the second stimulation setting.

103. The system of any one of claims 98-102, wherein the stimulation pattern
includes a ratio of stimulation pulses having the first setting to stimulation pulses
having the second setting, corresponding to a ratio of time constants of response to

increase and decrease in blood pressure.

104. The system of any of claims 98-103, wherein the stimulation pattern includes
a ratio of about 8 to about 13 stimulation pulses having the first setting to about 2 to

about 5 stimulation pulses having the second setting.

105. The system of any one of claims 98-104, wherein the first stimulation setting
includes a first AV delay and the second stimulation setting includes a second AV

delay, the first AV delay being shorter than the second AV delay.

106. The system of claim any one of claims 98-105, wherein the stimulation pattern
includes multiple stimulation pulses having the first stimulation setting and at least

one stimulation pulse having the second stimulation setting.

107. The system of any one of claims 98-106, wherein the stimulation pattern
includes at least one stimulation pulse having a stimulation setting configured to

invoke a hormonal response from the patient’s body.

108. A system for reducing blood pressure of a patient having a pretreatment blood
pressure and a pretreatment ventricular filling volume, comprising:
a stimulation circuit configured to deliver a stimulation pulse to at least one

atrium; and
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a processor circuit coupled to the stimulation circuit, the processor circuit
configured to operate in an operating mode in which an atrium is stimulated to
reduce the force of at least one atrial contraction, thereby reducing the ventricular
filling volume from the pretreatment ventricular filling volume and reducing the

patient’s blood pressure from the pretreatment blood pressure.

109. The system according to claim 108, wherein the at least one stimulation
setting is configured to reduce the force of or prevent at least one atrial contraction

by temporarily generating atrial spasm or atrial flutter.

110. A system for reducing blood pressure comprising:

a sensor for sensing an excitation rate of at least one of an atrium and a
ventricle;

a stimulation circuit configured to deliver a stimulation pulse to at least one of
an atrium and a ventricle; and

a processor circuit coupled to the stimulation circuit, the processor circuit
configured to operate in an operating mode in which a timing of a next atrial
excitation is predicted based on the sensed excitation rate and at least one ventricle
is stimulated at a time between about 50 ms before and about 10 ms after the

predicted next atrial excitation.

111. The system of claim 110, wherein the sensor for sensing the excitation rate of
at least one of an atrium and a ventricle comprises an electrode for sensing atrial

excitation.

112. The system of any one of claims 110-111, wherein prediction of a next atrial
contraction is based on a function of previous sensed excitations including rate of

change of intervals and periodic variations.
113. The system of any one of claims 110-112, wherein the timing of the predicted

next atrial excitation is adjusted to reflect a delay between an atrial excitation and a

sensing of the atrial excitation.
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114. The system of any one of claims 110-113, further comprising an additional
sensor for sensing a parameter relating to cardiac activity and for adjusting the time

at which the ventricle is stimulated accordingly.

115. The system of claim 114, wherein the parameter is a member of a group
consisting of data relating to blood pressure, blood flow, AV valve status, and wall

motion of the heart or a part thereof.

116. The system of any one of claims 114 and 115, wherein the additional sensor
is selected from the group consisting of pressure sensors, impedance sensors,
ultrasound sensors, and/or one or more audio sensors and/or one or more blood flow

Sensors.

117. The system of any one of claims 114-116, wherein the additional sensor is

implantable.

118. A system for reducing blood pressure comprising:

a sensor for sensing an excitation rate of at least one of an atrium and a
ventricle of a patient’s heart;

a stimulation circuit configured to deliver stimulation pulses to an atrium and a
ventricle; and

a processor circuit coupled to the stimulation circuit, the processor circuit
configured to detect the patient’s heart rate based on the sensing and operate in an
operating mode in which a stimulation pulse is provided to each of the at least one of
an atrium and a ventricle,

wherein the stimulation pulse is delivered at a rate that is higher than the
sensed excitation rate and the stimulation pulse is configured to stimulate the
ventricle at a time between about 50 ms before and about 70 ms after stimulation of

the atrium.
119. The device of claim 33, wherein the operating mode includes stimulating the

ventricle to cause the ventricle to contract before the end of contraction of the at

least one atrium.
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120. The device of claim 34, wherein the operating mode includes stimulating the
ventricle to cause the ventricle to contract before the end of contraction of the at
least one atrium, thereby causing the AV valve to be closed during at least part of a

contraction of the at least one atrium.

121. The device of any one of claims 33-35, wherein the operating mode includes
delivering a stimulation pulse to the ventricle to cause it to contract before the
delivering a stimulation pulse to the at least one atrium, thereby causing the AV

valve to be closed during at least part of a contraction of the at least one atrium.

122. The device of any one of claims 33-36, wherein the operating mode includes
delivering one or more excitatory pulses to the at least one atrium between about 0

ms and 50 ms after one or more excitatory pulses are delivered to the ventricle.

123. The method of claim 38, wherein the operating mode includes stimulating the
ventricle to cause the ventricle to contract before the end of contraction of the at

least one atrium.

124. The method of claim 39, wherein the operating mode includes stimulating the
ventricle to cause the ventricle to contract before the end of contraction of the at
least one atrium, thereby causing the AV valve to be closed during at least part of a

contraction of the at least one atrium.
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