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PACEMAKER WITH NO PRODUCTION

CROSS REFERENCES TO RELATED APPLICATIONS
The present application claims priority from US Patent Application
12/973,484 to Gross, filed December 20, 2010, which is incorporated herein by

reference.
FIELD OF EMBODIMENTS OF THE INVENTION

- Some applications of the present invention generally relate to medical
apparatus.  Specifically, some applications of the present invention relate to

implantable medical apparatus for enhancing cardiac function.

BACKGROUND

Cardiac arrhythmias are disorders of the beating of the heart, whereby the

electrical activity of the heart is irregular, faster, or slower than normal. Some

arthythmias are minor and can occur in an otherwise asymptomatic heart, whereas

some arrhythmias may indicate a serious problem and lead to heart disease, stroke or

sudden death.
SUMMARY OF EMBODIMENTS

For some applications of the present invention, a set of one or more electrodes
are surgically implanted into the heart of a subject. A control unit is configured to
drive the electrodes to drive a current into a portion of the heart of the subject to
stimulate nitric oxide (NO) production. Typically, the enhanced NO production

dilates coronary blood vessels, thereby increasing coronary perfusion.

For some applications, the control unit comprises a cardiac pacemaker control
unit. Typically, the control unit is configured to drive a first electric current via the
set of one or more electrodes into atrial or ventricular tissue of the subject to pace the
heart. The control unit is also configured to drive a second electric current via the set
of one or more electrodes into a portion of the heart to stimulate nitric oxide
production. For some applications, the control unit is configured to drive the first and
second electric currents via at least one common electrode in the set of electrodes.

Alternatively, the control unit is configured to drive the second current into a portion ‘
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of the heart via electrodes in the set of electrodes that are different from those

electrodes that are used to pace the heart.

For some applications, the control unit is a component of an implantable

cardioverter defibrillator (ICD).

Alternatively or additionally, the control unit is configured to apply the first
electric current in a biventricular pacing mode, e.g, as part of cardiac

resynchronization therapy for treating heart failure.

For some applications, an ischemic site of the heart is identified, and at least
some of the electrodes are placed at the ischemic site, or at an arterial site upstream of
the ischemic site. The control unit drives these electrodes to appiy the NO stimulating
current, thereby enhancing perfusion of the ischemic site. As appropriate for a given
application, the ischemia-relieving nitric oxide enhancement may be performed
acutely (e.g., within the first hours or days following myocardial infarction), or in a
chronic manner. Electrical cardiac ischemia relief as described may be performed in

combination with or in the absence of cardiac pacing.

It is hypothesized by the inventors that application of the pulse pattern that
induces NO production also increases the mechanical compliance of cardiac muscle
tissue. Some applications of the present invention include identifying patients with
heart failure (e.g., diastolic heart failure), and applying the signal to enhance NO
production in order to increase mechanical compliance of cardiac muscle tissue and

thereby treat the heart failure.

It is also hypothesized by the inventors that the production of nitric oxide as
described herein exercises the cardiac muscle itself, and over weeks, months, and

longer, strengthens the cardiac muscle.

For some applications, the control unit does not pace the heart. Typically, the
clectrodes are coupled to an outer surface of the heart during a transthoracic

implantation procedure.

For some applications, the electrical stimulation described herein is provided
in combination with nitroglycerin therapy, or other pharmaceutical therapy. The

inventors hypothesize that such a combined clectrical/pharmaceutical therapy allows
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for lower doses of the nitroglycerin to be administered, thereby reducing side effects

of the nitroglycerin while maintaining the same clinical benefits.

There is therefore provided, in accordance with some applications of the
present invention, apparatus for use with a heart of a subject, including:
5 a set of one or more electrodes; and

a control unit, configured to:

pace the heart by driving a first electric current via the electrode set into

tissue of the subject, in accordance with a first set of parameters, and
stimulate nitric oxide production by a portion of the heart by driving a
10 second electric current via the electrode set into the portion of the heart, in

accordance with a second set of parameters.

For some applications, the control unit is configured to drive the first and

second electric currents into a sinoatrial node of the subject.

For some applications, the control unit is configured to drive the first and

15 second electric currents into an atrioventricular node of the subject.

For some applications, the control unit is configured to drive the first and

second electric currents into a Purkinje fiber of the subject.

For some applications, the apparatus further includes a sensor configured to
sense a level of activity of the subject and to generate a signal in response thereto, and
20  the control unit is configured to receive the signal and to stimulate the nitric oxide

production in response to the signal.

For some applications, the apparatus further includes a sensor configured to
sense a level of activity of the subject and to generate a signal in response thereto, and
the control unit is configured to:

25 set a parameter of the first electric current in response to the signal, and
designate a frequency parameter of the second electric current independently

of the signal.

For some applications, the control unit is configured to stimulate the nitric
oxide production by driving the second electric current during an excitable period of

30  the heart.
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For some applications, the control unit is configured to stimulate the nitric
oxide production by driving the second electric current during a refractory period of

the heart.

For some applications, the control unit is configured to stimulate the nitric
oxide production by driving the second electric current during an excitatory period

and a refractory period of the heart.

For some applications, the control unit is configured to stimulate the nitric
oxide production by driving the second electric current independently of any sensed

level of activity of the subject.

For some applications,

the set of electrodes includes at least a first and a second electrode,

the control unit is configured to pace the heart by driving the first clectric
current via the first electrode into the tissue of the subject, and

the control unit is configured to stimulate the nitric oxide production by
driving the second electric current via the second electrode into the portion of the

heart.

For some applications, the control unit is configured to enhance coronary

perfusion by stimulating the nitric oxide production.

For some applications, the control unit is configured to stimulate the nitric

oxide production independently of the cardiac cycle.

For some applications, the control unit is configured to stimulate the nitric
oxide production substantially without causing action potentials in the portion of the

heart.

For some applications, the control unit is configured to pace the heart and to
stimulate the nitric oxide production by driving the first and second electric currents

via a same one of the electrodes in the set of electrodes.

For some applications, the control unit is configured to pace the heart and to
stimulate the nitric oxide production by driving the first and second electric currents

via respective electrodes in the set of electrodes.

For some applications, the control unit is configured to stimulate the nitric

4
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For some applications, the control unit is configured to stimulate the nitric
oxide production by the portion of the heart by configuring the second electric current

to have an amplitude below the excitation level of the heart of the subject.

For some applications, the control unit is configured to initiate driving of the

second current less than 5 ms after terminating the first current.

For some applications, the control unit is configured to wait at least 5 ms after

terminating the first current before initiating the second current.

For some applications, the control unit is configured to stimulate the nitric
oxide production by the portion of the heart by driving the second electric current

with a frequency of more than 20 Hz.

For some applications, the control unit is configured to stimulate the nitric
oxide production by the portion of the heart by driving the second electric current for

between 20% and 50% of each cardiac cycle.

For some applications, the control unit is configured to stimulate the nitric

oxide production in accordance with a duty cycle.

For some applications, the control unit is configured to drive the second

current during fewer than 10% of the minutes in a given day.

For some applications, the control unit is configured to drive the second

current during between 10% and 30% of the minutes in a given day.

For some applications, the apparatus further includes a detector configured to
detect a cardiac cycle of the subject and to generate a signal in response thereto, and
the control unit is configured to receive the signal and, in response thereto, to drive

the second current in coordination with the cardiac cycle of the subject.

For some applications, the control unit is configured to stimulate the nitric

oxide production during diastole.

For some applications, the control unit is configured to detect an ECG signal
of the subject and to initiate driving of the second current in response to detecting an

R-wave of the subject's ECG signal.
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For some applications, the control unit is configured to drive the second

current within 50 ms prior to diastole.

For some applications, the control unit is configured to drive the second

current between 10 ms and 20 ms prior to diastole.

For some applications, the control unit is configured to pace the heart by

driving the first electric current with an amplitude of 1-4 mA.

For some applications, the control unit is configured to pace the heart by

configuring the first electric current to have an amplitude of 1.5-3 mA.

For some applications, the control unit is configured to stimulate the nitric
oxide production by the portion of the heart by configuring the second electric current

to have an amplitude of 15-35 mA.

For some applications, the control unit is configured to stimulate the nitric
oxide production by the portion of the heart by configuring the second electric current

to have an amplitude of 25-33 mA.

For some applications, the control unit is configured to stimulate the nitric
oxide production by driving the second current as a train of pulses into the portion of

the heart.

For some applications, the control unit is configured to stimulate the nitric
oxide production by driving the second electric current as a train of monophasic

pulses.

For some applications, the control unit is configured to stimulate the nitric

oxide production by driving the second electric current as a train of biphasic pulses.

For some applications, the control unit is configured to configure each pulse to

have a pulse width of 1-5 ms.

There is additionally provided, in accordance with some applications of the
present invention, a method for treating a heart of a subject, including:

pacing the heart by driving a first electric current into tissue of the heart, in
accordance with a first set of parameters; and

stimulating nitric oxide production by a portion of the heart by driving a
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parameters.

There is further provided, in accordance with some applications of the present
invention, apparatus for use with a heart of a subject, including:

a set of one or more electrodes configured to be implanted into an outer
surface of the heart; and

a control unit, configured to stimulate nitric oxide production by a portion of
the heart by driving the electrodes to drive an electric current into the outer surface of

the heart.

For some applications, the control unit is configured to stimulate the nitric
oxide production by driving the electric current during an excitatory period of the

heart.

For some applications, the control unit is configured to stimulate the nitric

oxide production by driving the electric current during a refractory period of the heart.

For some applications, the control unit is configured to stimulate the nitric
oxide production by driving the electric current during an excitatory period and a

refractory period of the heart.

For some applications, at least one of the electrodes includes a screw

electrode.

For some applications, the control unit is configured to stimulate the nitric
oxide production by the portion of the heart by driVing the electric current for

between 20% and 50% of each cardiac cycle.

For some applications, the control unit is configured to stimulate the nitric
oxide production by driving the electric current as a train of pulses into the portion of

the heart.

For some applications, the control unit is configured to stimulate the nitric

oxide production by driving the electric current as a train of monophasic pulses.

For some applications, the control unit is configured to stimulate the nitric

oxide production by driving the electric current as a train of biphasic pulses.
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For some applications, the control unit is configured to configure each pulse to

have a pulse width of 1 ms to 5 ms.

For some applications, the apparatus further includes a mesh supporting the

set of electrodes, and configured to be implanted around the outer surface of the heart.

5 For some applications, the mesh is configured to inhibit remodeling of the

heart by applying a compressive force to the heart.

For some applications, the mesh is configured to apply a force to the heart that

is insufficient to inhibit remodeling of the heart.

There 1s additionally provided, in accordance with some applications of the
10 present invention, a method for treating a heart of a subject, including:
implanting a set of one or more electrodes into an outer surface of the heart;
and
stimulating nitric oxide production by a portion of the heart by driving an

electric current into the outer surface of the heart via the electrodes.

15 There is further provided, in accordance with some applications of the present
invention, a method for treating a heart of a subject, including:
identifying the subject as having diastolic heart failure; and
in response to the identifying, treating the diastolic heart failure by stimulating
nitric oxide production by a portion of the heart, by driving an electric current into the

20 portion of the heart.

There is additionally provided, in accordance with some applications of the
present invention, a method for treating a heart of a subject, including:
identifying the subject as having ischemic cardiac tissue; and
in response to the identifying, treating the ischemic cardiac tissue by
25  stimulating nitric oxide production by a portion of the heart that vascularizes the

ischemic cardiac tissue, by driving an electric current into the portion of the heart.

There 1s further provided, in accordance with some applications of the present
invention, a method for treating a heart of a subject, including:

identifying the subject as having reduced coronary artery perfusion;

8
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administering to the subject a dosage of a pharmaceutical that increases the

coronary artery perfusion, the dosage being less than a dosage that is standard for

increasing the coronary artery perfusion based on physical characteristics of the
subject, assuming that the subject is not also treated in an invasive manner; and

5 increasing the coronary artery perfusion by stimulating nitric oxide production

by a portion of the heart, by driving an electric current into the portion of the heart.

The present invention will be more fully understood from the following

detailed description of embodiments thereof, taken together with the drawings, in

which:
10
BRIEF DESCRIPTION OF THE DRAWINGS
Fig. 1 is a schematic illustration of a control unit, and electrodes implanted
into the outer surface of the heart, in accordance with some applications of the present
invention;
15 Fig. 2 is a schematic illustration of a pacemaker implanted in the heart of the

subject, in accordance with another application of the present invention;

Figs. 3 and 4 are graphs showing a compound signal for stimulating the heart,

in accordance with some applications of the present invention,;

Figs. 5A-B are schematic illustrations of a set-up of an experiment that was

20  conducted in accordance with an application of the present invention;

Figs. 6A-B are graphs showing the tension that was measured in an aortic ring
before, during and after stimulation of the ring by, respectively, two ipsilaterally

disposed electrodes (Fig. 6A), and two contralaterally disposed electrodes (Fig. 6B);

Figs. 7A-C are graphs showing the tension that was measured in the aortic ring
25  during stimulation of the ring with the ipsilaterally disposed electrodes using

respective stimulation parameters; and

Figs. 8A-D are graphs showing the tension measured in an aortic ring in
response to electrical stimulation (Fig. 8A-B), and in response to the administration of
substance P neuropeptide (Figs. 8C-D).

30 9
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DETAILED DESCRIPTION OF EMBODIMENTS

Reference is now made to Fig. 1, which is a schematic illustration of a system
18 comprising a control unit 16 and a set of one or more electrodes 28 implanted into
the outer surface of the heart 30 of a subject, in accordance with some applications of
the present invention. Control unit 16 is coupled to electrodes 28 via electrical leads
26, and is configured to drive electrodes 28 to drive an electric current into the heart.
Alternatively, control unit 16 drives the electrodes wirelessly (for example, from
outside the subject's body). Control unit 16 is configured to enhance coronary
perfusioh by stimulating nitric oxide production by a portion of the heart of the
subject, by driving the current via electrodes 28 into a portion of the heart of the

subject.

For some applications, at least one of electrodes 28 is a screw electrode.
Alternatively or additionally, electrodes 28 are supported on a mesh that is implanted
around the outer surface of the heart. For some applications, the mesh holds the
electrodes in place, without appl&ing substantial forces to the heart (e.g., forces which
would prevent remodeling of the heart). Alternativeﬁly, the mesh constrains the heart
and prevents remodeling of the heart, for example, using the Acorn Cardiac Support
Device described in "Global left ventricular remodeling with the Acorn Cardiac
Support Device: Hemodynamic and angiographic findings in dogs with heart failure,"
by Sabbah H et al., Heart Failure Reviews 10(2):109-115 (2005), which is

incorporated herein by reference.

For some applications, control unit 16 transmits a signal for driving the
electrodes via a transmitter (e.g., a transmitting coil) that is placed inside a vein or an
artery of the subject in the vicinity of the subject's heart. For example, the control unit
may be implanted inside the subject's body, and/or outside the subject's body, and
wiredly coupled to the transmitter. The transmitter may be placed in the subject's
vena cava, pulmonary vein, and/or pulmonary artery, and a signal may be driven via
the transmitter to an antenna disposed on the outside of the subject's heart and that is
in clectrical communication with electrodes 28. For example, the antenna may be

disposed on the mesh described hereinabove.

10
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For some applications, the electrodes act as the antenna. Typically, the
transmitter is placed inside the vein or the artery such that it is at a distance from
electrodes 28 of more than 5 mm and/or less than 20 mm, e.g., 5-20 mm. Typically,
placement of the transmitter in the vein or the artery facilitates transmission of the
signal from the control unit to the electrodes, due to the proximity of the vein or the
artery to the electrodes. Further typically, the dimensions of the vein or the artery in
which the transmitter is placed are such that the vein is able to accommodate a

transmitting coil, even in the absence of a rigid housing for housing the coil.

Reference is now made to Fig. 2, which is a schematic illustration of a
pacemaker 20 implanted into the heart of the subject, in accordance with some
applications of the invention. Pacemaker 20 comprises a control unit 22 coupled to a
set of one or more electrodes, e.g., an electrode 27 and/or an electrode 29. For some
applications, system 18, described with respect to Fig. 1, includes pacemaker 20, and
control unit 16, described with respect to Fig. 1, includes control unit 22. Control unit
22 drives the electrode set to drive an electric current into the heart. Control unit 22
paces the heart by driving a first electric current via electrode 27 into tissue of the
heart. Control unit 22 also enhances coronary perfusion by stimulating nitric oxide
production by a portion of the heart by driving a second electric current via the
electrode set into a portion of the heart of the subject. For some applications, control
unit 22 paces the heart and stimulates the nitric oxide production by driving the first
and second electric currents via the same one of the electrodes in the set of electrodes
(i.e., electrode 27). Alternatively, control unit 22 paces the heart by driving the first
electric current via one of the electrodes in the set of electrodes (i.e., electrode 27),
and stimulates the nitric oxide production by driving the second electric current into

another electrode from the set of electrodes (i.e., electrode 29).

For some applications, control unit 22 drives the second electrical current into
the portion of heart 30 in coordination with the cardiac cycle of the subject. For
example, the control unit may include a sensor configured to sense the subject's
cardiac cycle, and to generate a cardiac-cycle signal in response thereto. The control
unit drives the second current in response to the cardiac-cycle signal. For some
applications, control unit 22 stimulates the nitric oxide production by driving the
second electric current into the portion of the heart at the initiation of the T-wave of

11
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an ECG, or within 50 ms prior to diastole (for example, 10 ms to 20 ms prior to
diastole). For some applications, control unit 22 stimulates the nitric oxide production
by driving the second electric current into the portion of the heart during diastole. For
some applications control unit 22 drives the second electric current during the
excitable period of the heart. In other applications, control unit 22 stimulates nitric
oxide production by driving the second electric current into the portion of the heart
during the refractory period. In an alternative application, control unit 22 stimulates
nitric oxide production by driving the second electric current into the portion of the
heart during both the excitatory period and the refractory period. For some
applications, control unit 22 drives the second electrical current into the portion of

heart 30 independently of the cardiac cycle of the subject.

For some applications, a sensor coupled to control unit 22 is configured to
sense a physiological parameter of the subject and to generate a signal in response
thereto. Control unit 22 is configured to receive the signal and in response thereto,
drive the second current into the portion of heart 30. For example, the sensor may
comprise a motion sensor, configured to sense the level of activity of the subject, such
that control unit 22 is configured to receive the signal and in response thereto,
increase coronary artery dilation by driving the second current, in accordance with the
level of activity of the subject. Thus, for these applications, in response to activity
that stresses heart 30 and may cause angina, control unit 22 enhances coronary artery

dilation by enhancing nitric oxide production.

For some applications, the second current is driven in response to the detection
of the R-wave of the subject's ECG signal. For example, the current may be driven
for a time period of more than 200 ms, and/or less than 300 ms (e.g., 200-300 ms)

from the onset of the subject's R-wave.

Alternatively, control unit 22 drives the second electrical current into the
portion of heart 30 independently of any sensed physiological parameter of the
subject, either (a) for its entire period of operation within the patient, or (b) for periods
of time that are greater than, for example, one hour. For some applications, control
unit 22 is configured to stimulate nitric oxide production by driving a current
generally continuously into a portion of the heart, i.e., in each of 24 hours in a day. In

other applications, control unit 22 is configured to stimulate nitric oxide production by
12
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driving the second current in accordance with a duty cycle, e.g., by applying the
second current in accordance with a duty cycle that prescribes current application
during fewer than 10% of the minutes in a given day, or during between 10%-30% of
the minutes in a given day. For some applications, control unit 22 (a) paces the heart
by driving the first electric current into tissue of the heart, in response to the sensed
physiological parameter of the subject, and (b) drives the second electrical current into

tissue of the heart independently of any sensed physiological parameter of the subject.

For some applications, control unit 22 drives the second electrical current into
the portion of heart 30, substantially without causing action potentials in that

particular portion of the heart.

For some applications, control unit 22 drives the first and the second electric
currents into a sinoatrial node of the subject. In other applications, control unit 22
drives the first and the second electric currents into an atrioventricular node of the
subject. In an alternative application, control unit 22 drives the first and the second

electric currents into the Purkinje fibers of the subject.

Reference is now made to Figs. 3 and 4, which are two graphs illustrating a
compound signal 34, applied to heart 30 in accordance with some applications of the
present invention. Compound signal 34 comprises two sub-signals: sub-signal 30,
which paces heart 30; and sub-signal 32, which stimulates nitric oxide production in

the portion of heart 30.

For some applications, sub-signal 32 is applied to the portion of heart 30 for
substantially the entire cardiac cycle, as shown in Fig. 3. Alternatively, sub-signal 32
is applied for a smaller portion of each cardiac cycle, for example by being applied
during between 20% and 50% of each cardiac cycle (it being appreciated that values
above or below this range may be suitable for various patients based on their medical

condition and/or the amount of nitric oxide which it is desired to generate).

It is noted that the purpose of Figs. 3 and 4 is to illustrate how sub-signals 30
and 32 may be combined into a compound signal, and that, although sub-signals 30
and 32 are shown in Figs. 3 and 4 having specific parameters (e.g., specific

frequencies and amplitudes), the parameters that are shown are not necessarily used

13
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for the sub-signals. Typically, the parameters of sub-signal 32 are in accordance with

the parameters provided hereinbelow with reference to Figs. 7A-C.

For some applications, sub-signal 32 is applied as a train of monophasic pulses
(Fig. 3) or biphasic pulses (Fig. 4). Although sub-signal 32 is shown in Fig. 3 as
having equally-spaced pulses (e.g., 20 ms on, 20 ms off), some applications utilize an
off period following each pulse that is longer or shorter than the duration of each

pulse (typically between 50% and 200% of the duration of the applied pulse).

For some applications, control unit 22 applies sub-signal 30 and then waits for
t1 ms prior to initiating sub-signal 32. For example, the control unit may wait at least
5 ms before initiating sub-signal 32. Or, the control unit may wait less than 5 ms
before initiating sub-signal 32. Control unit 22 terminates application of sub-signal

32 at time t2. .

Control unit 22 paces the heart of the subject by driving sub-signal 30 with a
frequency that is between 0.8 Hz and 2 Hz, typically approximately 1 Hz, into tissue
of the heart. Control unit 22 paces the heart of the subject by driving sub-signal 30
with an amplitude of 1-4 mA, e.g., 1.5-3 mA. The control unit typically stimulates the
nitric oxide production by configuring sub-signal 32 to have an amplitude below the

excitation level of the heart.

Reference is now made to Figs. 5A-B, which are schematic illustrations of
apparatus that was used in an experiment that was conducted in accordance with an
application of the present invention. A 15 mm ring 80 of an aorta was dissected from
a pig, and was held in place using upper and lower support elements 82 and 84.
Upper support element 82 was connected to a strain gauge 86, such that the strain
gauge measured the tension in the aortic ring. Two unipolar epicardial electrodes
(Medtronic CapSure Epi 4965) were placed on the adventitia of the aortic ring on one
side of the aortic ring (i.e., ipsilaterally to each other, with respect to the aortic ring).
The ipsilateral electrodes were coupled to one another by a custom made support 89
(shown in Fig. 5B), at a longitudinal distance of 10 mm from one another. Another
electrode 90 was placed on the adventitia of the aortic ring on the side of the aortic

ring contralateral to the side on which electrodes 88 were placed.
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Aortic ring 80 was electrically stimulated during respective time periods by (a)
driving a current into the aortic ring via the two ipsilateral electrodes 88, and (b)
driving a current into the aortic ring via one of electrodes 88 and contralateral
electrode 90. The current was driven at an amplitude of 15 mA, with a frequency of
50 Hz, and with a pulse width of 4 ms. The tension in the aortic ring beforc, during,

and after stimulation of the aortic ring by the electrodes was measured.

Reference is now made to Figs. 6A-B, which are graphs showing the tension
that was measured in aortic ring 80 before, during and after stimulation of the ring by,
respectively, the two ipsilateral electrodes (Fig. 6A), and contralateral electrodes (Fig.
6B). The beginning and end of the stimulation periods are denoted by the vertical

dashed lines in the graphs.

It may be observed that stimulation of the aortic ring with the ipsilateral
electrodes (Fig. 6A) resulted in a decrease in the tension of the aortic ring. The aortic
ring recovered its pre-stimulation level of tension about 150 seconds after the
stimulation period finished. Stimulation of the aortic ring via contralateral electrodes
(Fig. 6B) resulted in an increase in the tension of the ring. These results indicate that
sttmulating the aorta, and/or other arteries, using electrodes that are disposed
ipsilaterally, and longitudinally with respect to one another causes a decrease in the
tension in the arterial wall, i.e., the artery dilates. Stimulating the aorta, and/or other
arteries, using electrodes that are disposed contraterally to one -another, with respect to
the artery, causes an increase in the tension in the arterial wall, ie., the artery

contracts.

Thus, for some applications of the invention, an artery is constricted by
driving a current into the artery via electrodes that are disposed contralaterally to each
other, with respect to the artery. Alternatively or additionally, an artery is dilated by
driving a current into the artery via electrodes that are disposed ipsilaterally to each
other, with respect to the artery. For example, in order to dilate a coronary artery, in
accordance with the techniques described hereinabove, current is driven into the heart
via electrodes that are disposed ipsilaterally to each other, with respect to the coronary

artery.
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Reference is now made to Figs. 7A-C, which are graphs showing the tension
that was measured in aortic ring 80 during stimulation of the ring with ipsilateral

electrodes 88, using respective stimulation parameters.

Fig. 7A is a graph showing the change in the tension measured in aortic ring
80 relative to the pre-stimulation tension in the ring, during stimulation of the ring
with a current having a pulse width of 4 ms, and a frequency of 50 Hz, over a range of
amplitudes. It may be observed that the greatest decrease in the tension in the ring
was for currents having amplitudes of more than 15 mA, and/or less than 35 mA (e.g.,
I5 mA - 35 mA), for example, more than 25 mA, and/or less than 33 mA (e.g., 25
mA — 33 mA).

Fig. 7B is a graph showing the change in the tension mcasured in aortic ring
80 relative to the pre-stimulation tension in the ring, during stimulation of the ring
with a current having an amplitude of 15 mA, and a frequency of 50 Hz, for a range of
pulse widths. It may be observed that the greatest decrease in the tension in the ring
was for currents having pulse widths of more than 1 ms, and/or less than 5 ms (e.g., 1

ms — 5 ms), for example, more than 2 ms, and/or less than 4 ms (e.g., 2 ms — 4 ms).

Fig. 7C is a graph showing the change in the tension measured in aortic ring
80 relative to the pre-stimulation tension in the ring, during stimulation of the ring
with a current having a pulse width of 4 ms, and an amplitude of 15 mA, for a range
of frequencies. It may be observed that the greatest decrease in the tension in the ring
was for currents having a frequency of more than 20 Hz (e.g., more than 50 Hz), for

example, 20 Hz — 100 Hz.

Thus, for some applications, a subject is identified as suffering from a
condition, which may be at least partially treated by causing the subject's coronary
arteries to dilate, as described hereinabove. In response to the identification,
electrodes are placed in contact with the subject's heart such that the electrodes are
disposed ipsilaterally to each other, with respect to a coronary artery, in accordance

with the results shown in Fig. 6A.

For some applications, a current having one or more of the following
parameters is driven via the electrodes, in order to cause dilation of a coronary artery

of the subject, in accordance with the results shown in Figs. 7A-C:
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e an amplitude of more than 15 mA, and/or less than 35 mA (e.g., 15 mA
— 35 mA), for example, more than 25 mA, and/or less than 33 mA
(e.g., 25 mA — 33 mA);

e apulse width of more than 1 ms, and/or less than 5 ms (e.g., 1 ms — 5
ms), for example, more than 2 ms, and/or less than 4 ms (e.g., 2 ms — 4

ms); and/or

e a frequency of more than 20 Hz (e.g., more than 50 Hz), for example,

20 Hz - 100 Hz.

Reference is now made to Figs. 8 A-D, which are graphs showing the tension
measured in aortic ring 80 in response to electrical stimulation (Figs. 8A-B), and in

response to the administration of substance P neuropeptide (Figs. 8C-D).

Fig. 8A is a graph showing the tension measured in an aortic ring measured
before, during, and after stimulation of the ring with ipsilateral electrodes using a
current having an amplitude of 15 mA, a frequency of 50 Hz, and a pulse width of 4
ms. The beginning and end of the stimulation period is denoted by the vertical dashed

lines on Fig. 8A.

Fig. 8B shows the tension measured in an aortic ring before, during, and after
stimulation of the ring with ipsilateral electrodes using a current having an amplitude
of 15 mA, a frequency of 50 Hz, and a pulse width of 4 ms. Before stimulating the
aortic ring to collect the data shown in Fig. 8B, the endothelial wall of the aortic ring
was mechanically denuded. The beginning and end of the stimulation period is

denoted by the vertical dashed lines on Fig. 8B.

Fig. 8C is a graph showing the tension measured in an aortic ring measured
before, and after administration of substance P neuropeptide to the aortic ring. The
time at which the substance P was administered is denoted by the downward-pointing

arrow in Fig. 8C.

Fig. 8D is a graph showing the tension measured in an aortic ring measured
befdre, and after administration of substance P neuropeptide to the aortic ring. The

time at which the substance P was administered is denoted by the downward-pointing
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arrow in Fig. 8D. Before stimulating the aortic ring and collecting the data shown in

Fig. 8D, the endothelial wall of the aortic ring was mechanically denuded.

It may be observed that electrical stimulation of the aortic ring before the
endothelial denuding, resulted in the aortic ring having reduced tension, as
demonstrated by Fig. 8A. Subsequent to the endothelial denuding, electrical
stimulation of the aortic ring did not cause a reduction in the tension in the aortic ring.
Similarly, administration of substance P caused a reduction in the tension of the aortic
ring before the endothelial denuding (as demonstrated by Fig. 8C), but did not cause a
reduction in the tension of the aortic ring subsequent to the endothelial denuding (as

demonstrated by Fig. 8D).

Substance P is a vasodilator. Substance-P-induced vasodilation has been
shown to be dependent on the release of nitric oxide from the endothelium (c.f. "In
vivo measurement of endothelium-dependent vasodilation with substance P in man,"
Bossaller, Herz. 1992 Oct;17(5):284-90). This explains the data shown in Figs. 8C-D,
namely, that substance P was effective at reducing tension in the aortic ring before the

endothelial denuding, but not subsequent to the endothelial denuding.

In view of the above, the data shown in Figs. 8A-B, indicate that the
mechanism by which electrical stimulation of the aortic ring causes the aortic ring to
dilate is at least partially due to the release of endothelium-derived nitric oxide NO.
Thus, subsequent to endothelial denuding, electrical stimulation is not effective to

dilate the aortic ring.

Embodiments of the present invention may be practiced in combination with
techniques described in one or more of the following references, which are

incorporated herein by reference:
US Patent 5,800,464 to Kieval et al.
US Patent 6,141,587 to Mower et al.
US Patent 6,411,845 to Mower et al.
US Patent 7,062,318 to Ben-Haim et al.

US Patent 6,947,792 to Ben-Haim et al.
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It will be appreciated by persons skilled in the art that the present invention is
not limited to what has been particularly shown and described hereinabove. Rather,
the scope of the present invention includes both combinations and subcombinations of
the various features described hereinabove, as well as variations and modifications

5  thereof that are not in the prior art, which would occur to persons skilled in the art

upon reading the foregoing description.
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CLAIMS

1. Apparatus for use with a heart of a subject, comprising:
a set of one or more electrodes; and
a control unit, configured to:
pace the heart by driving a first electric current via the electrode set into
tissue of the subject, in accordance with a first set of parameters, and
stimulate nitric oxide production by a portion of the heart by driving a
second electric current via the electrode set into the portion of the heart, in

accordance with a second set of parameters.

2. The apparatus according to claim 1, wherein the control unit is configured to

drive the first and second electric currents into a sinoatrial node of the subject.

3. The apparatus according to claim 1, wherein the control unit is configured to

drive the first and second electric currents into an atrioventricular node of the subject.

4, The apparatus according to claim 1, wherein the control unit is configured to

drive the first and second electric currents into a Purkinje fiber of the subject.

5. The apparatus according to claim 1, further comprising a sensor configured to
sense a level of activity of the subject and to generate a signal in response thereto,
wherein the control unit is configured to receive the signal and to stimulate the nitric

oxide production in response to the signal.

6. The apparatus according to claim 1, further comprising a sensor configured to
sense a level of activity of the subject and to generate a signal in response thereto,
wherein the control unit is configured to:
set a parameter of the first electric current in response to the signal, and
designate a frequency parameter of the second electric current independently

of the signal.

7. The apparatus according to claim 1, wherein the control unit is configured to
stimulate the nitric oxide production by driving the second electric current during an

excitable period of the heart.

8. The apparatus according to claim 1, wherein the control unit is configured to

stimulate the nitric oxide production by driving the second electric current during a
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refractory period of the heart.

9. The apparatus according to claim 1, wherein the control unit is configured to
stimulate the nitric oxide production by driving the second electric current during an

excitatory period and a refractory period of the heart.

10. The apparatus according to claim 1, wherein the control unit is configured to
stimulate the nitric oxide production by driving the second electric current

independently of any sensed level of activity of the subject.

11.  The apparatus according to claim 1,

wherein the set of electrodes comprises at least a first and a second electrode,

wherein the control unit is configured to pace the heart by driving the first
electric current via the first electrode into the tissue of the subject, and

wherein the control unit is configured to stimulate the nitric oxide production
by driving the second electric current via the second electrode into the portion of the

heart.

12. The apparatus according to claim 1, wherein the control unit is configured to

enhance coronary perfusion by stimulating the nitric oxide production.

13. The apparatus according to claim 1, wherein the control unit is configured to

stimulate the nitric oxide production independently of the cardiac cycle.

14.  The apparatus according to claim 1, wherein the control unit is configured to
stimulate the nitric oxide production substantially without causing action potentials in

the portion of the heart.

15.  The apparatus according to claim 1, wherein the control unit is configured to
pace the heart and to stimulate the nitric oxide production by driving the first and

second electric currents via a same one of the electrodes in the set of electrodes.

16.  The apparatus according to claim 1, wherein the control unit is configured to
pace the heart and to stimulate the nitric oxide production by driving the first and

second electric currents via respective electrodes in the set of electrodes.

17.  The apparatus according to claim 1, wherein the control unit is configured to
stimulate the nitric oxide production by driving the second electric current in each of
24 hours in a day.
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18.  The apparatus according to claim 1, wherein the control unit is configured to
stimulate the nitric oxide production by the portion of the heart by configuring the
second electric current to have an amplitude below the excitation level of the heart of

the subject.

19. The apparatus according to claim 1, wherein the control unit is configured to

initiate driving of the second current less than 5 ms after terminating the first current.

20.  The apparatus according to claim 1, wherein the control unit is configured to
wait at least 5 ms after terminating the first current before initiating the second

current.

21.  The apparatus according to claim 1, wherein the control unit is configured to
stimulate the nitric oxide production by the portion of the heart by driving the second

electric current with a frequency of more than 20 Hz.

22. The apparatus according to claim 1, wherein the control unit is configured to
stimulate the nitric oxide production by the portion of the heart by driving the second

electric current for between 20% and 50% of each cardiac cycle.

23.  The apparatus according to any one of claims 1-22, wherein the control unit is

configured to stimulate the nitric oxide production in accordance with a duty cycle.

24. The apparatus according to claim 23, wherein the control unit is configured to

drive the second current during fewer than 10% of the minutes in a given day.

25.  The apparatus according to claim 23, wherein the control unit is configured to

drive the second current during between 10% and 30% of the minutes in a given day.

26. The apparatus according to any one of claims 1-22, further comprising a
detector configured to detect a cardiac cycle of the subject and to generate a signal in
response thereto, wherein the control unit is configured to receive the signal and, in
response thereto, to drive the second current in coordination with the cardiac cycle of

the subject.

27. The apparatus according to 26, wherein the control unit is configured to

stimulate the nitric oxide production during diastole.

28. The apparatus according to claim 26, wherein the control unit is configured to

detect an ECG signal of the subject and to initiate driving of the second current in
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response to detecting an R-wave of the subject's ECG signal.

29.  The apparatus according to 26, wherein the control unit is configured to drive

the second current within 50 ms prior to diastole.

30.  The apparatus according to claim 29, wherein the control unit is configured to

drive the second current between 10 ms and 20 ms prior to diastole.

31.  The apparatus according to any one of claims 1-22, wherein the control unit is

configured to pace the heart by driving the first electric current with an amplitude of

1-4 mA.

32, The apparatus according to claim 31, wherein the control unit is configured to
pace the heart by configuring the first electric current to have an amplitude of 1.5-3
mA.

33. The apparatus according to any one of claims 1-22, wherein the control unit is

configured to stimulate the nitric oxide production by the portion of the heart by

configuring the second electric current to have an amplitude of 15-35 mA.

34.  The apparatus according to claim 33, wherein the control unit is configured to
stimulate the nitric oxide production by the portion of the heart by configuring the

second electric current to have an amplitude of 25-33 mA.

35. The apparatus according to any one of claims 1-22, wherein the control unit is
configured to stimulate the nitric oxide production by driving the second current as a

train of pulses into the portion of the heart.

36.  The apparatus according to claim 35, wherein the control unit is configured to
stimulate the nitric oxide production by driving the second electric current as a train

of monophasic pulses.

37.  The apparatus according to claim 35, wherein the control unit is configured to
stimulate the nitric oxide production by driving the second electric current as a train

of biphasic pulses.
38. The apparatus according to claim 35, wherein the control unit is configured to

configure each pulse to have a pulse width of 1-5 ms.

39. A method for treating a heart of a subject, comprising:
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pacing the heart by driving a first electric current into tissue of the heart, in
accordance with a first set of parameters; and

stimulating nitric oxide production by a portion of the heart by driving a
second electric current into the portion of the heart, in accordance with a second set of

parameters.

40.  The method according to claim 39, wherein driving the first and second .
electric currents comprises driving the first and second electric currents into a

sinoatrial node of the subject.

41. The method according to claim 39, wherein driving the first and second
electric currents comprises driving the first and second electric currents into an

atrioventricular node of the subject.

42. ~ The method according to claim 39, wherein driving the first and second
electric currents comprises driving the first and second electric currents into a

Purkinje fiber of the subject.

43.  The method according to claim 39, wherein stimulating the nitric oxide
production comprises sensing a level of activity of the subject and driving the second

electric current in response to the sensed level of activity.

44.  The method according to claim 39, further comprising sensing a level of
activity of the subject,

wherein pacing the heart comprises configuring the ﬁrét electric current in
response to the sensed signal; and

wherein stimulating the nitric oxide production comprises configuring a

frequency parameter independently of the sensed level of activity.

45.  The method according to claim 39, wherein stimulating the nitric oxide
production comprises stimulating the nitric oxide production by driving the second

electric current in each of 24 hours in a day.

46.  The method according to claim 39, wherein stimulating the nitric oxide
production comprises driving the second electric current during an excitatory period

of the heart.

47.  The method according to claim 39, wherein stimulating the nitric oxide
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production comprises driving the second electric current during a refractory period of

the heart.

48.  The method according to claim 39, wherein stimulating the nitric oxide
production comprises driving the second electric current during an excitatory period

and a refractory period of the heart.

49. The method according to claim 39, wherein stimulating the nitric oxide
production comprises driving the second electric current independently of any sensed

level of activity of the subject.

50.  The method according to claim 39, wherein stimulating the nitric oxide

production comprises enhancing cardiac perfusion of the heart.

51. The method according to claim 39, wherein stimulating the nitric oxide
production comprises stimulating the nitric oxide production independently of the

cardiac cycle.

52. The method according to claim 39, wherein stimulating the nitric oxide
production comprises stimulating the nitric oxide production substantially without

inducing action potentials in the portion of the heart.

53.  The method according to claim 39, wherein driving the first and second

electric currents comprises driving the electric currents through a same electrode.

54.  The method according to claim 39, wherein driving the first and second

electric currents comprises driving the electric currents through separate electrodes.

55.  The method according to claim 39, wherein driving the second current
comprises initiating the driving of the second current less than 5 ms after terminating

the driving of the first current.

56.  The method according to claim 39, wherein driving the second current

comprises waiting at least 5 ms before initiating the driving of the second current.

57.  The method according to any one of claims 39-56, wherein stimulating the
nitric oxide production comprises driving the second electtic current in accordance

with a duty cycle.
58.  The method according to claim 57, wherein stimulating the nitric oxide
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production comprises driving the second electric current during fewer than 10% of the

minutes in a given day.

59.  The method according to claim 57, wherein stimulating the nitric oxide
production comprises driving the second electric current during between 10% and

30% of the minutes in a given day.

60. The method according to any one of claims 39-56, further comprising
detecting a cardiac cycle of the subject, wherein stimulating the nitric oxide
production comprises driving the second electric current in coordination with the

detected cardiac cycle.

61.  The method according to claim 60, wherein stimulating the nitric oxide

production comprises driving the second electric current during diastole.

62.  The method according to claim 60, wherein detecting the subject's cardiac
cycle comprises detecting an ECG signal of the subject and wherein driving the
second electric current comprises initiating driving of the second current in response

to detecting an R-wave of the subject's ECG signal.

63.  The method according to claim 60, wherein stimulating the nitric oxide
production comprises driving the second electric current for between 20% and 50% of

each cardiac cycle.

64. The method according to claim 60, wherein stimulating the nitric oxide
production comprises driving the second electric current within 50 ms prior to

diastole.

65.  The method according to claim 64, wherein stimulating the nitric oxide
production comprises driving the second electric current between 10 ms and 20 ms

prior to diastole.

66.  The method according to any one of claims 39-56, wherein stimulating the
nitric oxide production comprises driving the second electric current as a train of

pulses into the portion of the heart of the subject.

67.  The method according to claim 66, wherein stimulating the nitric oxide
production comprises driving the second electric current as a train of monophasic
pulses.
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68.  The method according to claim 66, wherein stimulating the nitric oxide

production comprises driving the second electric current as a train of biphasic pulses.

69. The method according to claim 66, wherein driving the second current
comprises driving the second current as a train of pulses, wherein each pulse is

configured to have a pulse width of 1 ms to 5 ms.

70.  The method according to any one of claims 39-56, wherein driving the first
electric current into the tissue of the subject comprises driving the first electric current

with an amplitude of 1 - 4 mA.

71.  The method according to claim 70, wherein driving the first electric current
mto the tissue of the subject comprises driving the first electric current with an

amplitude of 1.5 - 3 mA.

72.  The method according to any one of claims 39-56, wherein driving the second
electric current into the portion of the heart comprises driving the second electric

current with an amplitude of 15-35 mA.

73. The method according to claim 72, wherein driving the second electric current
into the portion of the heart comprises driving the second electric current with an

amplitude between of 25-33 mA.

74.  The method according to claim 73, wherein stimulating the nitric oxide
production comprises driving the second electric current into the portion of the heart

with a frequency between 20 Hz and 100 Hz.

75.  Apparatus for use with a heart of a subject, comprising:

a set of one or more electrodes configured to be implanted into an outer
surface of the heart; and

a control unit, configured to stimulate nitric oxide production by a portion of
the heart by driving the electrodes to drive an electric current into the outer surface of

the heart.

76.  The apparatus according to claim 75, wherein the control unit is configured to
stimulate the nitric oxide production by driving the electric current during an
excitatory period of the heart.

77.  The apparatus according to claim 75, wherein the control unit is configured to
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stimulate the nitric oxide production by driving the electric current during a refractory

period of the heart.

78.  The apparatus according to claim 75, wherein the control unit is configured to
stimulate the nitric oxide production by driving the electric current during an

excitatory period and a refractory period of the heart.

79.  The apparatus according to 75, wherein at least one of the electrodes

comprises a screw electrode.

80.  The apparatus according to claim 75, wherein the control unit is configured to
stimulate the nitric oxide production by the portion of the heart by driving the electric

current for between 20% and 50% of each cardiac cycle.

81.  The apparatus according to any one of claims 75-80, wherein the control unit
is configured to stimulate the nitric oxide production by driving the electric current as

a train of pulses into the portion of the heart.

82. The apparatus according to claim 81, wherein the control unit is configured to
stimulate the nitric oxide production by driving the electric current as a train of

monophasic pulses.

83. The apparatus according to claim 81, wherein the control unit is configured to
stimulate the nitric oxide production by driving the electric current as a train of

biphasic pulses.

84.  The apparatus according to claim 81, wherein the control unit is configured to

configure each pulse to have a pulse width of 1 ms to 5 ms.

85. The apparatus according to any one of claims 75-80, further comprising a
mesh supporting the set of electrodes, and configured to be implanted around the

outer surface of the heart.

86.  The apparatus according to claim 85, wherein the mesh is configured to inhibit

remodeling of the heart by applying a compressive force to the heart.
’7. The apparatus according to claim 85, wherein the mesh is configured to apply

a force to the heart that is insufficient to inhibit remodeling of the heart.

88. A method for treating a heart of a subject, comprising:
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implanting a set of one or more electrodes into an outer surface of the heart;
and
stimulating nitric oxide production by a portion of the heart by driving an

electric current into the outer surface of the heart via the electrodes.

89. The method according to claim 88, wherein stimulating the nitric oxide
production comprises driving the electric current during an excitatory period of the

heart.

90. The method according to claim 88, wherein stimulating the nitric oxide
production comprises driving the electric current during a refractory period of the

heart.

91.  The method according to claim 88, wherein stimulating the nitric oxide
production comprises driving the electric current during an excitatory period and a

refractory period of the heart.

92.  The method according to claim 88, wherein at least one of the one or more
electrodes includes a screw electrode, and wherein implanting the set of one or more

electrodes comprises implanting the screw electrode.

93.  The method according to claim 88, wherein stimulating the nitric oxide
production comprises sensing a level of activity of the subject and driving the electric

current in response to the sensed level of activity.

94.  The method according to claim 88, wherein stimulating the nitric oxide
production comprises driving the electric current independently of any sensed level of

activity of the subject.

95, The method according to claim 88, wherein stimulating the nitric oxide
production comprises stimulating the nitric oxide production by driving the electric

current in cach of 24 hours in a day.

96. The method according to any one of claims 88-94, wherein stimulaling the
nitric oxide production comprises driving the electric current in accordance with a

duty cycle.

97.  The method according to claim 96, wherein stimulating the nitric oxide
production comprises driving the electric current during fewer than 10% of the
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minutes in a given day.

98. The method according to claim 96, wherein stimulating the nitric oxide
production comprises driving the electric current during between 10% and 30% of the

minutes in a given day.

99. The method according to any one of claims 88-95, further comprising
detecting a cardiac cycle of the subject, wherein stimulating the nitric oxide
production comprises driving the electric current in coordination with the detected

cardiac cycle.

100.  The method according to claim 99, wherein stimulating the nitric oxide
production comprises driving the electric current for between 20% and 50% of each

cardiac cycle.

101.  The method according to claim 99, wherein stimulating the nitric oxide
production comprises driving the electric current as a train of pulses into the portion

of the heart of the subject.

102.  The method according to claim 101, wherein stimulating the nitric oxide

production comprises driving the electric current as a train of monophasic pulses.

103. The method according to claim 101, wherein stimulating the nitric oxide

production comprises driving the electric current as a train of biphasic pulses.

104. The method according to claim 101, wherein driving the electric current
comprises driving the electric current as a train of pulses, wherein each pulse is

configured to have a pulse width of 1 ms to 5 ms.

105.  The method according to any one of claims 88-95, wherein driving the electric
current into the portion of the heart comprises driving the electric current with an

amplitude of 15-35 mA.

106.  The method according to claim 105, wherein driving the electric current into
the portion of the heart comprises driving the electric current with an amplitude
between 25-33 mA.

107. The method according to claim 105, wherein stimulating the nitric oxide
production comprises driving the electric current into the portion of the heart with a

frequency between 20 Hz and 100 Hz.
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108.  The method according to any one of claims 88-95, wherein implanting the set
of electrodes comprises implanting, around at least a portion of the outer surface of

the heart, a mesh that supports the set of electrodes.

109. The method according to claim 108, wherein implanting the mesh comprises

5  inhibiting remodeling of the heart by applying a compressive force to the heart.

110.  The method according to claim 108, wherein implanting the mesh comprises
implanting the mesh such that the mesh chronically applies a force to the heart that is

insufficient to inhibit remodeling of the heart.

111. A method for treating a heart of a subject, comprising:
10 identifying the subject as having diastolic heart failure; and
in response to the identifying, treating the diastolic heart failure by stimulating
nitric oxide production by a portion of the heart, by driving an electric current into the

portion of the heart.

112. A method for treating a heart of a subject, comprising:
15 identifying the subject as having ischemic cardiac tissue; and
in response to the identifying, treating the ischemic cardiac tissue by
stimulating nitric oxide production by a portion of the heart that vascularizes the

ischemic cardiac tissue, by driving an electric current into the portion of the heart.

113. A method for treating a heart of a subject, comprising:
20 identifying the subject as having reduced coronary artery perfusion;
administering to the subject a dosage of a pharmaceutical that increases the
coronary artery perfusion, the dosage being less than a dosage that is standard for
increasing the coronary artery perfusion based on physical characteristics of the
subject, assuming that the subject is not also treated in an invasive manner; and
25 increasing the coronary artery perfusion by stimulating nitric oxide production

by a portion of the heart, by driving an electric current into the portion of the heart.
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