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ULTRASOUND CARDIAC STIMULATOR

RELATED APPLICATIONS

The present application is a U.S. national application of
PCT Application No. PCT/IL03/00134, filed on Feb. 19,
2003.

FIELD OF THE INVENTION

The present invention is related to the field of cardiac
diagnosis and therapy.

BACKGROUND OF THE INVENTION

The myocardium is susceptible to mechanical stimulation:
case reports have detailed incidents of cardiac arrest due to a
ball or a fist hitting the person’s thorax. Physiological studies
have reported initiation of an action potential due to a
mechanical stimulation such as tapping of the epicardium
[Avitall, B., Levine, H. J., Naimi, S., Donahue, R. P, Pauker,
S. G., and Adam, D. R., “Local effects of electrical and
mechanical stimulation on the recovery properties of canine
ventricle,” Am. J. Cardiology 50, 263-270 (1982)], or due to
stretch. Separately, high energy ultrasound pulses have been
reported to shatter kidney stones, while also affecting inner
cellular structures and membrane properties. In particular, it
has been reported that ultrasound pulses increase membrane
permeability and specific ion flow. Ultrasound transducers
attached to cardiac catheters have been used to induce elec-
trical activity locally in the heart, for diagnostic purposes.
External ultrasound transducers used for imaging have also
been observed to induce action potentials in the heart, inad-
vertently, especially when contrast agents containing small
bubbles are injected into the bloodstream. Because of the
danger of inducing action potentials in the heart in an uncon-
trolled way, great care is taken during ultrasound imaging of
the heart not to induce action potentials.

Direct electrical stimulation of the heart is done for cardiac
pacing, usually via electrodes implanted during surgery.
Electrical stimulation is also used to measure cardiac
response, as a diagnostic, and for this purpose electrodes may
be inserted by catheters via the venous or arterial system.
Catheters are also used to carry laser or RF or ultrasound
energy to specific sites in the heart or elsewhere in the circu-
latory system, in order to ablate tissue for therapeutic pur-
poses. All of these invasive procedures involve obvious risks
and expenses.

Ultrasound energy from external transducer arrays has
been focused on tumors in order to destroy them by heating.

SUMMARY OF INVENTION

An aspect of some embodiments of the invention relates to
stimulating cardiac tissue, or any other excitable tissue such
as muscles and nerves, using ultrasound, for diagnostic and/
or therapeutic purposes, using transducers located outside the
body, or in the esophagus or other non-invasive body chan-
nels, such as the nasal cavities. Optionally, ultrasound con-
trast agents, for example microbubbles or liposomes, are used
to enhance the procedure, for example by increasing the sen-
sitivity of the cardiac tissue to stimulation.

In some embodiments of the invention, an imaging system
is used to track and observe the heart before, during, and/or
after the cardiac tissue is stimulated. This is done, for
example, in order to observe the local or global mechanical
response of the heart to the stimulation, or to focus the ultra-
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sound energy on the correct spot. Optionally, the imaging
system is an ultrasound imaging system, using the same trans-
ducers as are used for stimulation. Alternatively or addition-
ally, other ultrasound transducers may be used for imaging.
Alternatively or additionally, a Computer Aided Tomography
system using x-rays, a Magnetic Resonance Imaging system,
or any imaging system known to the art may be used. Option-
ally, contrast agents are used to improve image quality, and/or
to distinguish between perfused and non-perfused tissue.

In some embodiments of the invention, the location and
orientation of the heart, or a particular point on the heart, are
tracked in real time while ultrasound is used to stimulate the
heart. Such tracking makes it possible to repeatedly focus
ultrasound on the same spot in the heart, or to successively
focus ultrasound on two or more spots with known relative
positions.

In some embodiments of the invention, ultrasound waves
are focused on one small spot in the heart, to stimulate the
tissue, and the response to stimulation is observed. This
stimulation spot can be deep inside the myocardium, as well
as on the exterior or interior surface of the heart. Optionally,
after a period of time, the ultrasound waves are focused on a
different stimulation spot. Alternatively or additionally, the
ultrasound waves are focused on more than one stimulation
spot simultaneously, or nearly simultaneously relative to the
speed of propagation of signals in the heart. For each stimu-
lation spot or set of stimulation spots, measurements are
optionally made of the intensity and duration of ultrasound
needed to induce action potentials, either propagating or non-
propagating, and the spatial distribution of the potential is
optionally measured, as a function of time. The mechanical
response of tissue to action potentials is optionally measured
as a function of time, for example by observing changes in
thickness and motion of the cardiac wall, at the stimulation
spot and at other spots.

In an exemplary embodiment of the invention, the follow-
ing configuration is used. The ultrasound source is aimed at a
particular location in the heart and its firing is synchronized to
the cardiac cycle, for example, using an ECG (which may
provide local electrical information) or using an analysis of a
series of images. The analysis may be automatic or manual,
for example. The imager is also aimed at the particular loca-
tion and/or at a location where an effect of the excitation is
expected and/or is desired to be studied. Optionally, the
imager is closely synchronized with the stimulating ultra-
sound, which may make it easier to detect the short-term
mechanical response of the heart tissue to the ultrasound. It
may also be possible to detect the motion of the heart wall due
to the pressure of the ultrasound. In operation, the imager can
detect the exact location of excitation (even if the aiming is
not precise), for example, by detecting non-linear effects at
the location. In addition, the imager can capture a develop-
ment of mechanical response to the excitation, over a period
of time, due to the action potential. Further, this detected
response may be synchronized with a measurement of elec-
trical activity from outside the body (e.g., using a high reso-
lution ECG) or from inside the body (e.g., using a catheter). It
should be noted that in this manner a map having a resolution
better than the aiming ability can be created, by marking the
map with the actual excitation signal location. In any case, the
analysis of the detected response and the ECG may be manual
or automatic. For example, the mechanical response to the
action potential is found automatically by using image analy-
sis software to measure changes in wall thickness. When this
measurement is synchronized to a local ECG, a delay in
mechanical response is calculated.
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The results of these measurements are optionally used for
identifying ischemic tissue that is permanently damaged, and
distinguishing it from tissue that is stunned or hibernating but
could berevived. Tissue thatis overly sensitive to stimulation,
and could give rise to arrhythmias, may also be identified.
Maps of the location of healthy and pathological tissue in the
heart are used in some embodiments of the invention to design
spatial and temporal sequences of stimulation that are optimal
for pacemaking. Optionally, such sequences are tested and
compared using ultrasound stimulation. Optionally, some tis-
sue is ablated by ultrasound, or by other means as known in
the art.

In some embodiments of the invention, ultrasound is used
1o increase membrane permeability at particular locations in
the heart and/or particular times in the cardiac cycle, in order
to selectively increase the absorption or effect of drugs at
those locations and/or times. Optionally, the drugs are deliv-
ered to specific locations by a cardiac catheter.

In some embodiments of the invention, a phased array of
transducers is used to generate the focused ultrasound pulses.
Alternatively or additionally, a single transducer with focus-
ing is used. Optionally, the transducers are placed on the
outside of the chest. To avoid having the ultrasound energy
blocked by the ribs, the transducers optionally are placed
between the ribs. Additionally or alternatively, the transduc-
ers are placed on the sternum, or below the rib cage. Addi-
tionally or alternatively, the transducers are placed non-inva-
sively inside the body, for example in the esophagus.

In some embodiments of the invention, ultrasound pulses
are used to provide temporary pacing of the heart, for example
when a conventional pacemaker is temporarily not operating,
or during bradycardia. Optionally, different temporal and
spatial sequences of ultrasound pulses are tested and com-
pared, in order to find the best sequence to use for pacing. The
different sequences are evaluated using, for example, electro-
cardiograph data, systolic pressure measurements, and/or
images showing the mechanical response of the heart, includ-
ing systolic and diastolic left ventricular volume and ejection
fraction.

In some embodiments of the invention, a cardiac catheter is
used to provide direct electrical simulation of the heart, in
addition to the stimulation by ultrasound. Direct electrical
stimulation may help to identify tissue pathologies by com-
paring its effects to the effects of mechanical stimulation by
ultrasound. In one example, such a comparison is used to
distinguish stunned from hibernating myocardium. In
another example, the ultrasound pulses are focused at a coarse
resolution, and used to produce a coarse map of pathological
tissue, and a cardiac catheter is used to map certain regions
more precisely. The imaging system is optionally used to
determine the precise location of the cardiac catheter. In
addition to or instead of electrically stimulating the heart, the
catheter optionally is used to ablate or otherwise kill cardiac
tissue, optionally monitoring the process with the imaging
system. This killing is done by any means known to the art.
For example the catheter brings electric power to an ohmiic or
inductive heating element, a refrigerating element, an ultra-
sound transducer or a radio frequency transmitter in the cir-
culatory system, or the catheter carries laser light on a fiber
optic cable, or carries a drug.

There is thus provided, in accordance with an embodiment
of the invention, an ultrasound cardiac stimulation system
comprising:

a spatially selective ultrasound source comprising at least
one ultrasound transducer located outside the circulatory sys-
tem; and

a controller;
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wherein the controller generates an electrical response in
the heart by directing the ultrasound source to transmit a high
enough power level of ultrasound to one or more locations in
the heart.

Optionally, there is an injector which injects cardiac drugs
into the bloodstream, and the controller changes the rate at
which cardiac tissue absorbs the drugs by directing the ultra-
sound source to transmit a high enough power level of ultra-
sound to one or more locations in the heart.

Optionally, the controller is operative to choose the ultra-
sound power level.

In an embodiment of the invention, the system has suffi-
cient precision to control the ultrasound power level supplied
to cardiac tissue to within +20%.

Optionally, the system has sufficient precision to control
the ultrasound power level supplied to cardiac tissue to within
£10%.

Optionally, the system has sufficient precision to control
the ultrasound power level supplied to cardiac tissue to within
+3%.

In an embodiment of the invention, an injector which
injects one or both of drugs for treating the heart and contrast
agents into the bloodstream.

Optionally, the controller is operative to reduce the power
level of ultrasound when the contrast agents are injected.

In an embodiment of the invention, the controller is opera-
tive to choose the one or more locations to which the ultra-
sound is transmitted.

Optionally, the controller controls the ultrasound source to
direct ultrasound energy to a designated location, and the
point of highest power flux density falls within an axial pre-
cision of 3 mm of said designated location.

Alternatively, the axial precision is 1.5 mm.

Optionally, the point of highest power flux density remains
within the axial precision of the designated location for at
least 1 millisecond.

Optionally, the point of highest power flux density remains
within the axial precision of the designated location for at
least 10 milliseconds.

Optionally, the controller controls the ultrasound source to
direct ultrasound energy to a designated location, and the
point of highest power flux density falls within a transverse
precision of 1 mm of said designated location.

Alternatively, the transverse precision is 0.5 mm.

Optionally, the point of highest power flux density remains
within the transverse precision of the designated location for
at least 1 millisecond.

Optionally, the point of highest power flux density remains
within the transverse precision of the designated location for
at least 10 milliseconds.

In an embodiment of the invention, the controller controls
the ultrasound source to direct a high enough power level of
ultrasound to one or more locations in the heart to kill cardiac
tissue by heating it.

Alternatively or additionally, the controller controls the
ultrasound source to direct a high enough power level of
ultrasound to one or more locations in the heart to kill cardiac
tissue by cavitation.

In an embodiment of the invention, there is an electrocar-
diograph which measures the timing of the cardiac cycle.

Optionally, the electrocardiograph is operative to distin-
guish the electrical response to the ultrasound, originating in
any one chamber of the heart, from the electrical response
originating in any other chamber of the heart.

Optionally, the electrocardiograph is operative to distin-
guish the electrical response to the ultrasound, originating in
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one side of any chamber of the heart, from the electrical
response originating in the other side of said chamber of the
heart.

Optionally, the electrocardiograph is operative to distin-
guish the electrical response to the ultrasound, originating at
any location in the heart, from the electrical response origi-
nating one centimeter away from said location.

Optionally, the electrocardiograph is operative to distin-
guish the electrical response to the ultrasound, originating at
any location in the heart, from the electrical response origi-
nating one millimeter away from said location.

Optionally, the system uses feedback from the electrocar-
diograph to control the ultrasound power level.

In an embodiment of the invention, the controller is opera-
tive to make a map of the heart, showing the ultrasound power
flux required to generate the electrical response at each of
several locations in the heart.

Optionally, the controller is operative to direct the ultra-
sound source to transmit a first sequence of timed localized
pulses of ultrasound energy to the heart, and a second such
sequence which differs from the first sequence in one or both
of timing and location of the pulses, and the controller is
operative to collect a first data set showing the effects of the
first sequence on the heart, and a second data set showing the
effects of the second sequence on the heart.

Optionally, the first data set and the second data set com-
prise data from the electrocardiogram.

Optionally, there is a memory which is operative to store
the first data set and the second data set, a data analyzer which
is operative to analyze data and produce analysis results from
the first data set and the second data set, and a display which
displays the analysis results.

Optionally, the first data set and the second data set com-
prise data on systolic pressure.

Optionally, the first sequence and the second sequence
differ in timing of the pulses.

Alternatively or additionally, the first sequence and the
second sequence differ in location of the pulses.

In an embodiment of the invention, there is a cardiac imag-
ing system which produces images showing the position of
one or more locations on the heart.

Optionally, the first data set and the second data set com-
prise data from the cardiac imaging system.

Optionally, there is an image analyzer which analyzes
images produced by the cardiac imaging system for the first
sequence and the second sequence, and calculates one or
more of the systolic left ventricular volume for the first and
second sequence, the diastolic left ventricular volume for the
first and second sequence, and the ejection fraction for the
first and second sequence.

Optionally, the images produced by the imaging system
show the mechanical response of the heart to stimulation
produced by the ultrasound.

Optionally, the imaging system is in a fixed position and
orientation with respect to the ultrasound source.

Alternatively or additionally, there are sensors which deter-
mine the relative position and orientation of the imaging
system and the ultrasound source.

Alternatively or additionally, the imaging system deter-
mines the relative position and orientation of the ultrasound
source by imaging it.

Optionally, the controller coordinates the timing of the
imaging system with the timing of the ultrasound source.

Optionally, the controller is operative to make a map of the
heart, using data from the imaging system, showing the
mechanical response of the heart at one or more locations to
ultrasound energy transmitted to one or more locations.
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Optionally, the system uses feedback from the imaging
system to control the ultrasound power level.

Optionally, the imaging system uses ultrasound imaging.

Optionally, the imaging system shares one or more ultra-
sound transducers with the ultrasound source used to generate
the electric response in the heart.

Alternatively, the imaging system does not share any ultra-
sound transducers with theultrasound source used to generate
the electric response in the heart.

Alternatively or additionally, the imaging system com-
prises a computerized tomography x-ray imaging system.

Alternatively or additionally, the imaging system com-
prises a magnetic resonance imaging system.

Optionally, there is image processing software which ana-
lyzes the images to determine the position of one or more
locations on the heart.

Optionally, the image processing software determines the
position of one or more locations on the heart in real time
during a cardiac cycle.

Optionally, the controller coordinates the timing of the
transmission of ultrasound with the cardiac cycle.

In an embodiment of the invention, there is a cardiac cath-
eter which generates an electrical response in the heart, and a
calibration mode of the controller, wherein the controller,
when it is in the calibration mode, calibrates the ultrasound
power transmitted to the heart by the ultrasound array, by
comparing a physiological response induced by the ultra-
sound array to a physiological response induced by the cath-
eter.

Optionally, the physiological responses compared by the
controller comprise electrical responses.

Alternatively or additionally, the physiological responses
compared by the controller comprise mechanical responses.

Optionally, the cardiac catheter generates an electrical
response by direct electric stimulation.

Alternatively or additionally, the cardiac catheter com-
prises an internal ultrasound transducer, and the cardiac cath-
eter generates an electrical response by transmitting ultra-
sound.

In an embodiment of the invention, the cardiac catheter
kills cardiac tissue.

Optionally, the cardiac catheter comprises a light guide,
and the light guide carries light from the laser, which light
kills cardiac tissue.

Optionally, the ultrasound source comprises a phased array
of the ultrasound transducers.

Optionally, at least one of the at least one ultrasound trans-
ducers is adapted for use on the surface of the body.

Optionally, the at least one ultrasound transducers com-
prise at least two ultrasound transducers, sized and spaced so
that they can be placed between the ribs, in such a way as to
avoid blocking of ultrasound by the ribs.

Alternatively or additionally, at least one of the at leastone
ultrasound transducers is adapted for use in the esophagus.

Alternatively or additionally, at least one of the at least one
ultrasound transducers is adapted for use in a nasal cavity.

Optionally, the ultrasound source and the controller are
operative to direct the ultrasound energy with 90% of the
power flux falling within 3 mm transversely of the point of
highest power flux density.

Alternatively or additionally, the ultrasound source and the
controller are operative to direct the ultrasound energy with
90% of the power flux falling within 1.5 mm transversely of
the point of highest power flux density.

Alternatively or additionally, the ultrasound source and the
controller are operative to direct the ultrasound energy with
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90% of the power flux falling within 1 mm transversely of the
point of highest power flux density.

Optionally, the ultrasound source and the controller are
operative to direct the ultrasound energy with the power flux
spreading out to 50% of its highest density within 6 mm
axially of the point of highest power flux density.

Alternatively or additionally, the ultrasound source and the
controller are operative to direct the ultrasound energy with
the power flux spreading out to 50% of its highest density
within 3 mm axially of the point of highest power flux density.

Alternatively or additionally, the ultrasound source and the
controller are operative to direct the ultrasound energy with
the power flux spreading out to 50% of its highest density
within 1.5 mm axially of the point of highest power flux
density.

Optionally, the ultrasound source and the controller are
operative to direct the ultrasound energy with a power flux
density greater than 30 waltts per square centimeter at the
point of highest power flux density.

Alternatively or additionally, the ultrasound source and the
controller are operative to direct the ultrasound energy with a
power flux density greater than 100 watts per square centi-
meter at the point of highest power flux density.

Alternatively or additionally, the ultrasound source and the
controller are operative to direct the ultrasound energy with a
power flux density greater than 300 watts per square centi-
meter at the point of highest power flux density.

Optionally, the ultrasound source and the controller are
operative to direct the ultrasound energy in a pulselasting less
than 10 milliseconds.

Alternatively or additionally, the ultrasound source and the
controller are operative to direct the ultrasound energy in a
pulse lasting less than 1 millisecond.

Optionally, the ultrasound source and the controller are
operative to direct the ultrasound energy in a pulse lasting for
a duration within 10% of a duration for which the controller is
directed to direct the energy.

Optionally, the ultrasound source and the controller are
operative to direct the ultrasound energy at a frequency
greater than 0.5 megahertz and less than 6 megahertz.

There is thus also provided a method of changing a cardiac
stimulation sequence for a patient, comprising:

a) choosing a test sequence of locations in the heart of the
patient, and a time in the cardiac cycle to stimulate each
location;

b) stimulating the test sequence of locations at the chosen
times in the cardiac cycle, using an ultrasound cardiac
stimulation system from outside the heart;

¢) evaluating a change in cardiac synchronization of the
patient associated with the test sequence;

d) choosing a stimulation sequence for a pacemaker, based
at least partly on the change in cardiac synchronization
that the test sequence produces; and

e) changing a stimulation sequence of the heart to conform
to the chosen stimulation sequence.

In an embodiment of the invention, using an ultrasound
cardiac stimulation system from outside the heart comprises
using an ultrasound stimulation system from outside the
body.

Optionally, changing a stimulation sequence of the heart
comprises installing a pacemaker.

Alternatively or additionally, changing a stimulation
sequence of the heart comprises adjusting a pacemaker.

Optionally, adjusting a pacemaker comprises program-
ming a pacemaker.

Optionally, adjusting a pacemaker comprises adjusting a
pacemaker to obtain improved cardiac synchronization.
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In an embodiment of the invention, (a), (b) and (c) are
performed a plurality of times for different test sequences,
and choosing an optimal stimulation sequence is based at
least partly on the change in a measure of cardiac perfor-
mance that the different test sequences produce.

Optionally, the measure of cardiac performance comprises
cardiac output.

Optionally, evaluating the change in the measure of cardiac
performance comprises using systolic pressure measure-
ments.

Alternatively or additionally, evaluating the change in the
measure of cardiac performance comprises using images of a
mechanical response of the heart to the stimulation.

Optionally, at least one of the test sequences comprises a
plurality of locations with the same chosen time.

Optionally, evaluating the change in cardiac synchroniza-
tion comprises using electrocardiograph data.

BRIEF DESCRIPTION OF THE DRAWINGS

Exemplary embodiments of the invention are described in
the following sections with respect to the drawings. The
drawings are generally not to scale. The same or similar
reference numbers are used for the same or related features on
different drawings. Features found in one embodiment can
also be used in other embodiments, even though all features
are not shown in all drawings.

FIG. 1 is a schematic cross-sectional view of the chest and
heart, showing ultrasound systems used for stimulating the
heart, according to an exemplary embodiment of the inven-
tion;

FIG. 2 is a flowchart illustrating how a map is made of the
sensitivity of the heart to stimulation by ultrasound pulses;

FIG. 3 is a flowchart showing how the imaging system is
used to track the location of different spots on the heart in real
time; and

FIG. 4 is a flowchart showing how cardiac tissue is
destroyed, while the effects are monitored.

DETAILED DESCRIPTION OF EXEMPLARY
EMBODIMENTS

FIG. 1 schematically shows an ultrasound system accord-
ing to an exemplary embodiment of the invention. A heart 10
is shown in a cross-section of a patient’s chest 12. A phased
array 14 of ultrasound transducers focuses ultrasound waves
16 on a spot 18 in the wall of the heart, stimulating cardiac
tissue at that spot and possibly inducing action potentials,
detected by an electrocardiograph 20. By adjusting the rela-
tive phases and amplitudes of the different transducers in the
array, the ultrasound can generally be focused on any desired
spot 18. Alternatively, any other method of focusing ultra-
sound known to the art is used to focus the ultrasound waves
on spot 18. The diameter of the spot cannot be much smaller
than one wavelength, assuming that it is in the far field of the
transducers, i.e. at least several wavelengths away from the
transducers. If it is desired to focus the ultrasound on a region
much smaller than the thickness of the myocardium, the
frequency of the ultrasound optionally has a frequency
approximately 1 MHz or higher, which would have a wave-
length in the body of about 1.5 mm or less. Ultrasound trans-
ducers exist which can operate at frequencies as high as 10
MHz. If the frequency is too high, however, and the desired
focused spot is not close enough to the transducers, then the
ultrasound will be largely absorbed before reaching the
desired spot, and higher transducer power or more transduc-
ers will be needed to produce the same ultrasound power flux
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at the spot. Typically, frequencies between 0.5 and 6 MHz are
used, and the focused spot is elliptical, 1 to 2 mm in diameter
and 4 to 6 mm in length in the direction of propagation, with
the acoustic pressure outside the spot significantly lower than
the peak pressure. Focused spots with dimensions greater or
smaller than these values, for example 0.5 mm to 4 mm in
diameter and 2 mm to 10 mm in length, are also optionally
used. Peak acoustic pressures are typically 2 to 4 MPa, cor-
responding to powers of 125 to 500 watts per square centi-
meter, and pulse lengths are typically 1 to 10 milliseconds
long. However, optionally ultrasound pulses with frequen-
cies, powers and pulse lengths of 1 to 5 MPa, corresponding
1o 30 to 800 watts per square centimeter, or even greater than
or less than this range, are used.

Transducer array 14 is shown outside the chest in FIG. 1. To
avoid the problem of ultrasound waves reflecting from the
ribs, which have a very different acoustic impedance than the
soft parts of the body, the transducers are optionally placed
between the ribs, or below the rib cage. Alternatively, they are
placed inside the chest, in the esophagus.

Animaging system 22 is used to determine the position and
orientation of the heart, relative to transducer array 14, so that
ultrasound energy can be accurately focused on a desired spot
on the heart by transducer array 14. Although FIG. 1 shows an
imaging system that is separate from transducer array 14,
optionally transducer array 14 is used for an ultrasound imag-
ing system, as well as for stimulating cardiac tissue. In this
case, ultrasound waves for imaging purposes are optionally
transmitted alternately with ultrasound waves for cardiac
stimulation. If the imaging waves and stimulating waves are
transmitted close enough together in time, then the heart will
not move very much, and the information from the imaging
system can still be used to accurately focus the stimulating
waves. Alternatively or additionally, the stimulating waves
themselves are used for imaging. The imaging system need
not be an ultrasound imaging system. It could be an x-ray
CAT system, or an MRI system, or any other medical imaging
system known to the art.

If imaging system 22 is not an ultrasound imaging system
using the same transducer array 14 that is used for stimula-
tion, then it may be desirable to know the relative position and
orientation of imaging system 22 and transducer array 14.
Ultrasound can then be used to stimulate a spot whose posi-
tion is defined by imaging system 22, and imaging system 22
can image a spot that has been stimulated, observing the
effects of the stimulation. Optionally, transducer array 14 is
rigidly connected to imaging system 22, so that they always
have the same relative position and orientation. Alternatively,
there are sensors mounted on transducer array 14, imaging
system 22, or both of them, which sense the relative position
and orientation of transducer array 14 and imaging system 22.
Alternatively, imaging system 22 determines the relative
position and orientation of transducer array 14 by imagining
it. This option is especially useful when transducer array 14 is
in the esophagus.

A computer 24 controls the phase, amplitude, and timing of
ultrasound waves emitted by the transducers in transducer
array 12, using input from the human operator, the imaging
system, and the electrocardiograph. Details of how this is
done, according to an embodiment of the invention, are given
in FIG. 2. Computer 24 could comprise an general purpose
computer running appropriate software, or custom-designed
control circuitry, or a combination of the two.

FIG. 1 schematically shows an intravenous tube 26, which
is used to introduce contrast agents into the bloodstream,
during ultrasound stimulation. Contrast agents, which are
encapsulated small gas bubbles, significantly attenuate the
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propagating ultrasound energy, reflecting, scattering and
absorbing it. The contrast agent bubbles oscillate and some-
times burst, producing extremely high pressures locally. This
enhances the stimulating effect of ultrasound on cardiac tis-
sue. As a result, lower power transducers can be used to
produce the same stimulation effect, and there may be less
heating of tissue for the same stimulation effect. Contrast
agents are also useful in imaging, for example for showing the
precise boundaries of tissue with normal perfusion of blood
and regions with reduced or no perfusion.

Alternatively or additionally, intravenous tube 26 is used to
introduce drugs into the bloodstream during ultrasound
stimulation of the heart. Since ultrasound stimulation can
increase the permeability of cell membranes, certain loca-
tions in the heart will be induced to take up drugs from the
bloodstream, more than other regions that are not stimulated.
The uptake of drugs can also be timed to occur at certain times
in the cardiac cycle, if the ultrasound stimulation is gated with
an electrocardiograph. Alternatively or additionally, the con-
trast agents and/or the drugs can be introduced into the heart
by a cardiac catheter, rather than intravenously, allowing
additional control over the spatial and temporal distribution
of the contrast agents and/or drugs.

FIG. 2 is a flowchart showing how the transducer array is
used to map regions of healthy and pathological tissue in the
heart, according to an exemplary embodiment of the inven-
tion. Tissue is optionally classified as healthy or pathological
according to one or more of several criteria, for example:

Ultrasound power level required to induce an action poten-

tial

Time delay after ultrasound energy is applied, before

action potential appears

Refractory period after action potential is induced, before

another action potential can be induced

Magnitude and delay of mechanical response to action

potential

Amplitude and duration of action potential

The flowchart in FIG. 2 illustrates only how the first criterion,
ultrasound power level required to induce an action potential,
is mapped, but optionally any one or combination of these
criteria are used to make a map. Using only the first criterion,
the map identifies regions which are more susceptible than
normal, or less susceptible than normal, to producing extra
action potentials (beyond those associated with the regular
heartbeat) when stimulated by ultrasound. Such a map can
reveal the location of ischemic tissue, which typically
requires higher than normal ultrasound levels to produce an
action potential, and/or tissue which is susceptible to arrhyth-
mias, which may require a lower than normal ultrasound level
to produce an action potential.

The steps shown in the flowchart in FIG. 2 are optionally
performed by a controller, for example a computer with an
interface to the human operator. At 100, the initial step in the
flowchart, a region is chosen for mapping, either the whole
heart or a part of the heart, and the range of ultrasound power
levels is optionally chosen. This range starts at a level well
below the power that would be needed to induce an action
potential in normal tissue, and ends at a level above the power
that would be needed to induce an action potential in normal
tissue, but optionally not at such a high level that the tissue
could be damaged by heating or cavitation. The region for
mapping is optionally chosen by the operator as a range of
myocardial coordinates, defined in relation to the heart tissue,
1.e. a given point on the heart has constant myocardial coor-
dinates even while its absolute position is changing because
the heart is beating. Alternatively, the range could be chosen
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by the operator by dragging a mouse across a 3-D displayed
image of the heart (for example, a series of 2-D cross-sec-
tions) frozen at a particular phase in the cardiac cycle. Option-
ally, in addition to choosing a range of positions and powers,
a phase in the cardiac cycle, or a set of phases, is also chosen
for mapping. The response of tissue to stimulation generally
depends on the phase in the cardiac cycle at which the stimu-
lation is applied. Optionally, instead of setting the range of
positions, powers, and phase initially, they are chosen or
changed during the procedure.

In102 and 104, the myocardial coordinates of the spot to be
stimulated are set at the first point on the grid to be mapped,
and the power is set at the bottom of the range. In 105, the
controller waits for the desired phase in the cardiac cycle,
using electrocardiograph data, for example, to determine at
what time the desired phase occurs. In 106, a quick image,
which need not have high resolution, is made of the heart, in
order to locate the absolute position (relative to the transduc-
ers) of the spot to be stimulated. Making an error in location
of the focused spot is potentially dangerous, since a high
power ultrasound pulse intended for an insensitive spot could
be focused by mistake on a very sensitive area and induce
fibrillation. In 108 and 110, the image made in 106 is used to
determine the orientation and location of the heart, and this
information is used to convert the myocardial coordinates of
the point being stimulated to thoracic coordinates, defined
relative to the chest cavity (and hence to the transducers,
which are optionally pressed against the outside of the chest).
Some details of how this calculation is done are given below
in the description of FIG. 3. If the imaging and calculation
couldbe done in less than 50 milliseconds, or better yet in less
than 10 milliseconds, then the heart would move very little
between the time it is imaged and the time the ultrasound
energy is applied for stimulation. Alternatively, instead of
performing 106, 108 and 110, the range of points to be
mapped is directly defined in terms of thoracic coordinates at
a particular phase in the cardiac cycle, and the ultrasound
energy is always applied at the same phase in the cycle. A
disadvantage of this alternative method is that there could be
variations in position and orientation of the heart from one
heartbeat to the next.

If the ultrasound transducers are located in the esophagus
rather than on the outside of the chest, then it may not be
sufficient just to define the position of the point to be mapped
in thoracic coordinates. In addition, it may be necessary to
take into account changes in position of the transducers rela-
tive to the chest cavity. Optionally this is done by using an
external imaging system to locate the position of the stimu-
lating transducers in the esophagus. Alternatively, if the same
transducers are used for stimulation and imaging, then those
transducers can be used directly to find the location of the
heart (or of the desired point on the heart) relative to the
transducers.

In 112, the stimulating ultrasound energy is focused on the
desired spot on the heart. As described above in the descrip-
tion of FIG. 1, this is optionally done by first using a computer
to calculate the phases and amplitudes of the transducers in
the array, needed to focus ultrasound energy on the desired
spot. In 114, a cine (moving) image is optionally made of the
heart, in order to assess the mechanical response of the heart,
if any, to the stimulation. Optionally, instead of storing the
entire cine image, the image is processed to track only a
limited set of points on the heart, sufficient to characterize the
mechanical response of the heart, and only these results are
stored. If the imaging system does not use the transducers
used for stimulation, then the cine imaging optionally begins
before the stimulation is applied, and continues while the
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stimulation is applied and for a given period afterwards. Even
if the same transducers are used for imaging and stimulation,
the cine imaging optionally begins before the stimulation, and
is briefly interrupted while the transducers are used for stimu-
lation, and resumed afterwards. Optionally the cine image or
a still image is precisely synchronized with the ultrasound
stimulation, and is used to detect the short-term mechanical
response of the heart tissue to the ultrasound stimulation,
which may provide more information about the exact location
of the ultrasound stimulation.

At 116, the controller examines data, for example from an
electrocardiograph, to determine whether the ultrasound
stimulation induced an action potential, beyond the action
potential that already existed as part of the natural cardiac
cycle. The electrocardiograph provides some information
about the spatial distribution of action potentials, as well as
their amplitude and time dependence. Optionally, the electro-
cardiograph is calibrated before it is used to measure induced
action potentials, for example by comparing the induced
action potentials to the regular action potential. If no extra
action potential is observed, and if the power level is not yet
at the top of the chosen range (118), then the power is raised
to the next level (120), and the flow goes back to 105, in
preparation for a new application of ultrasound energy at the
same spot. If the power was already at the maximum level,
then this spot is recorded as unresponsive (124), and the flow
goes to 132.

Optionally, instead of starting at the lowest power level and
increasing the power one step at a time, the power starts at the
middle of the range, at a level that has a 50% chance of
exciting an action potential, according to some model. If an
action potential is seen, then the power is lowered to a level
that now has a 50% chance of eliciting an action potential,
taking into account the previous results. If an action potential
is not seen, then the power is raised to a level that now has a
50% chance of eliciting an action potential, taking into
account the previous results. This procedure is continued
until the exact threshold for eliciting an action potential is
found, to the desired precision. This “zeroing in” procedure
has an advantage over the “one step at a time” procedure, in
that the number of steps required scales as the logarithm of the
desired precision, rather than scaling linearly with the desired
precision. A disadvantage of the “zeroing in” procedure is
that it might overstimulate a very sensitive spot, causing
fibrillation. Many other procedures are possible for determin-
ing the threshold for eliciting action potentials, which will be
apparent to persons skilled in the art.

If an extra action potential was seen, then the data is exam-
ined to see whether the action potential is propagating, and
how it propagates (126). This information is recorded (128),
and (130) any mechanical response is assessed (based on the
cine image made in 114, for example), and recorded. Option-
ally, image processing software is used to assign one or more
quantitative values to characterize the mechanical response.
Alternatively or additionally, the mechanical response could
be characterized by the operator after viewing the cine image.
Alternatively or additionally, the cine image for each spot is
stored, and the mechanical response is evaluated at leisure
after the map of action potential threshold is completed.

At132,ifall spots in the grid have not been examined, then
(134) the myocardial coordinates are set for the next spot in
the grid, and the flow goes back to 104. Once all spots in the
grid have been examined, the procedure ends (136). The
recorded data on the ultrasound power threshold needed to
induce an action potential at each point, and on the propaga-
tion of induced action potentials, are then used to create one
or more maps, for example using post-processing software.
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The maps could show the propagation paths, as well as the
action potential threshold at each spot. The accuracy of the
map showing action potential thresholds will be confirmed if
it is consistent with the map of propagation paths, for example
if it shows that regions that are resistant to inducing action
potentials are also regions that block propagation of action
potentials induced elsewhere.

Although the flowchart in FIG. 2 assumes that ultrasound
stimulation is only applied at one phase in the cardiac cycle,
optionally a map could be made for each of several phases.
For example, instead of ending the procedure at 136, the
controller could change the phase and loop back to 102, until
all desired phases were examined. Alternatively, the phase
could be changedinaninner loop. For example, at each power
level, for each spot, ultrasound stimulation could be done at
each of several different phases. Optionally, once an action
potential is observed, the controller moves to the next spot.
This procedure produces a map of the minimum power
needed to induce an action potential at the most sensitive
phase in the cardiac cycle. Alternatively, the power threshold
for inducing an action potential is measured for each of sev-
eral phases at each spot.

In making the map, corrections to the ultrasound power
level are optionally made taking into account absorption of
ultrasound energy between the transducers and the focused
spot. The amount of absorption may be estimated by using
known values for absorption lengths of ultrasound at the
frequency used, in different types of tissue. Alternatively or
additionally, absorption may be measured by using data from
the imaging system, if it is an ultrasound imaging system, or
by detecting stimulating ultrasound waves reflected back to
the transducers. For example, images can be compared at
lower ultrasound frequency, where there is less absorption,
and higher frequency where there is more absorption, in order
1o calibrate the amount of absorption at the frequency used for
stimulation. In some embodiments of the invention, the ultra-
sound power flux focused on a given spot in the heart is
controlled to within 10%, taking into account errors in the
powers and phases of the transducers, and uncertainties in the
amount of power that is absorbed between the transducers and
the focused spot. Alternatively, the poweris controlled only to
within 20%, or to within better than 3%.

Corrections are also optionally made to the map by taking
into account the finite amplitude of ultrasound at locations
other than the focused spot, which can be calculated from the
size, spacing, and number of transducers in the array, and by
modeling reflections and refraction of ultrasound waves.
Such a spatial distribution of the ultrasound intensity could
stimulate action potentials first at those other locations, if the
tissue there is much more sensitive than the tissue at the
focused spot. One way to calculate these corrections is to
make a map of sensitivity initially ignoring these effects, and
then seeing whether such effects would be important accord-
ing to that map, and correcting for them, and making a new
map. This procedure is repeated until the map changes very
little from one iteration to the next. Alternatively or addition-
ally, information about the intensity of ultrasound energy at
different locations is obtained by measuring the amplitude of
higher harmonics (integer multiples of the transmitted fre-
quency) generated at those locations.

Optionally, data on the induced action potentials from the
electrocardiograph, and/or imaging data on the mechanical
response to ultrasound stimulation, are used to control the
power level of the ultrasound transducers using feedback in
real time, instead of or in addition to using this data to make
corrections to the applied ultrasound power when analyzing
the data afterwards.
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FIG. 3 is a flowchart showing how the controller analyzes
the data from the imaging system and calculates the location
(relative to the transducers) of the spot on the heart where the
ultrasound energy is to be focused, according to an embodi-
ment of the invention. This is done, for example, using the
following steps. At 200, a 3D image of the heart is recorded,
using the imaging system. At 202, image analysis software is
used to locate in the image key landmarks on the heart, for
example the centers of valves, certain branching points of the
coronary artery, certain points at the edge of the septum, etc.
At 204, the coordinates (relative to the imaging system) of the
landmarks are used to calculate the values of a finite set of
parameters which substantially characterize the mechanical
state of the heart. For example, the parameters comprise three
parameters representing the 3D position of the center of the
heart, three parameters representing the orientation of the
heart in space, and four parameters describing the state of
expansion of each chamber of the heart. At 206, the values of
the parameters are used to calculate the thoracic coordinates
of the desired spot, whose location is defined in myocardial
coordinates, according to a algorithm worked out in advance.
The algorithm is based on a mathematical model of where
each point on the heart is located as a function of the different
parameters, for example the state of expansion of each cham-
ber. This coordinate transformation algorithm can be verified
for human hearts in general, and perhaps some free param-
eters are calibrated for individual patients. This verification
and calibration is done by locating spots on the heart (other
than the landmarks) on the image, and seeing whether their
location is correctly predicted by the algorithm.

Other procedures may be used to accomplish the same
result. For example, instead of only locating a small set of
landmarks on the image, the image processing software deter-
mines the location (relative to the imaging system) of each
pointina3D grid of points defined in myocardial coordinates,
and interpolation is then used to find the location of the spot.
In effect this procedure would use a much larger set of param-
eters, but a much simpler coordinate conversion algorithm,
than the procedure outlined above.

Once the coordinates of the spot are known, the controller
calculates the ultrasound wave phases and amplitudes of the
transducers in the array required to direct the ultrasound
energy to the spot.

Once a map has been made of the sensitivity of the cardiac
tissue to stimulation, or of other properties such as delay time
of action potentials or refractory time, the information is
optionally used to develop and optimize sequences of cardiac
stimulation for pacemaking. Selected spatial and temporal
sequences of stimulation are tested or modeled, using ultra-
sound pulses focused on the desired locations, at the desired
times in the cardiac cycle, as determined by the electrocar-
diograph. Optionally, more than one location is stimulated at
nearly the same instant. Optionally, the electrocardiograph,
and/or the imaging system, is used to measure the strength
and regularity of the heartbeat, to assess the efficacy of a given
sequence for pacemaking, and the sequence is compared to
other sequences. Additionally or alternatively, one or more
other indices are used to evaluate a given sequence, including,
for example, systolic pressure, systolic left ventricular vol-
ume, diastolic left ventricular volume, and/or ejection frac-
tion. (These indices are optionally measured by any conven-
tional means, including the use of images or other data from
the ultrasonic, or other, imaging system. Optionally, image
analysis is used to calculate one or more of these indices from
the images. Alternatively or additionally, the indices are
determined by a person viewing the images.) Once an effec-
tive sequence is found, a pacemaker using direct electrical
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stimulation can be programmed and implanted to produce the
most effective stimulation sequence.

The ultrasound system used for stimulating cardiac tissue
can also be used to destroy cardiac tissue, for example dis-
eased or arrthythmogenic tissue. FIG. 4 is a flowchart showing
the procedure by which tissue is destroyed, according to an
exemplary embodiment of the invention. Initially, at 300, the
ultrasound power level, coordinates of the first spot, and
phase in the cardiac cycle are chosen. Although it is possible
to track the spot continuously as the heart beats, and to keep
ultrasound focused on it throughout the cardiac cycle, there
are advantages to applying ultrasound power for a time short
compared to the cardiac period, and to repeat this at the same
phase of the cardiac cycle over several heartbeats if necessary.
One advantage is that there may be less error in aiming the
ultrasound, since the location of the spot relative to the chest
does not vary by that much from one cardiac cycle to the next,
at the same phase. Another advantage is that the ultrasound
power can be applied to the spot at a phase in the cardiac cycle
when the surrounding cardiac tissue is not sensitive to stimu-
lation by ultrasound. In 302, the controller waits for the right
phase in the cardiac cycle. Then (304) the heart is imaged,
and, as outlined in FIG. 3, the image is used to convert the
myocardial coordinates of the chosen spot to thoracic coor-
dinates (306). In 308 a pulse of ultrasound energy is trans-
mitted. The power and duration of the pulse are optionally
chosen so that it destroys a small amount of tissue, but not
enough to do serious damage to the heart if the energy was not
focused in exactly the right spot. In 310, the heart is imaged
again, and the image is examined (312) to verify the destruc-
tion of tissue at the intended spot. In addition (314), an ultra-
sound stimulation sequence is optionally performed to verify
that the destruction of tissue at that spot has the expected
effect on electrical propagation paths. One well known reason
for destroying cardiac tissue, possibly even healthy tissue, is
to prevent propagation of action potentials on undesired
paths. If the imaging and stimulation test reveal that the goal
was accomplished (316), the procedure ends (318). If the
imaging and/or stimulation test reveal that the ultrasound
energy was not aimed correctly (320), or if the power was too
high or too low, then appropriate adjustments are made (322),
and the procedure returns to 302 to prepare for transmitting
another pulse of ultrasound. If the imaging and/or stimulation
test reveal that everything is proceeding as planned (320), but
that more tissue needs to be destroved at the same spot (324),
then the procedure also returns to 302. If the procedure is
proceeding as planned but the work on that spot is done, then
the next spot is chosen, and the power level may be adjusted
(322), and the procedure returns to 302.

Optionally, tissue is destroyed by heating it, which can kill
it or cause it to disintegrate. Alternatively or additionally,
tissue is killed by cavitation induced by ultrasound. In either
case, the tissue is killed directly, for example by ablating it, or
indirectly, for example by inducing apoptosis. Optionally,
ultrasound contrast agent is used to increase cavitation effects
and/or energy absorption at the site of tissue being killed.

Instead of or in addition to using ultrasound energy from
external transducers to kill cardiac tissue, ultrasound stimu-
lation can be used to monitor the killing of cardiac tissue by
other means known to the art, such as laser light, radio waves,
or ultrasound waves brought to the heart by a cardiac catheter.
The words “kill” and “destroy” and their conjugates, as used
herein, mean “kill directly or indirectly,” and includes, for
example, ablation and inducing apoptosis.

The words “locations on the heart” as used herein mean
locations on the surface of the heart or inside the heart, includ-
ing within the myocardium. The terms “position” and “ori-
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entation” when used herein with reference to an imaging
system, mean position and orientation of the elements of the
imaging system whose position and orientation affect the
point of view of the images produced by the imaging system.
The terms “data analyzer” and “image analyzer” as used
herein mean any device which analyzes data, including soft-
ware running on a general purpose computer, and specially
designed digital or analog electronic circuits, whether or not
it analyzes data inreal time, and whether or not it is located in
the vicinity or located remotely. The term “analysis results”
produced by a data analyzer from a data set can include a
selection of any or all unchanged pieces of data in the data set,
as well as the results of mathematical calculations using the
pieces of data in the data set. The words “comprise” and
“include” and their conjugates as used herein mean “include
but are not necessarily limited to.” While the invention has
been described with reference to certain exemplary embodi-
ments, various modifications will be readily apparent to and
may be readily accomplished by persons skilled in the art
without departing from the spirit and scope of the above
teachings.

The invention claimed is:

1. An ultrasound cardiac stimulation system comprising:

a spatially selective ultrasound source comprising at least

one ultrasound transducer located outside a circulatory

system of a body; and

a controller;

wherein the controller generates an electrical response
in a heart by directing the ultrasound source to trans-
mit a pulse or pulses of ultrasound to one or more
locations in the heart on a periodic basis suitable for
cardiac pacing, wherein said of ultrasound pulse or
pulses are configured to include a rower level and
duration suitable to induce an action potential in the
heart.

2. A system according to claim 1 and including an injector
which injects cardiac drugs into the bloodstream, wherein the
controller changes a rate at which cardiac tissue absorbs the
drugs by directing the ultrasound source to transmit a high
enough power level of ultrasound to one or more locations in
the heart.

3. A system according to claim 1, wherein the controller is
operative to choose the ultrasound power level.

4. A system according to claim 3, wherein the system has
sufficient precision to control the ultrasound power level sup-
plied to cardiac tissue to within +10%.

5. A system according to claim 4, wherein the system has
sufficient precision to control the ultrasound power level sup-
plied to cardiac tissue to within +3%.

6. A system according to claim 3, and including an injector
which injects one or both of drugs for treating the heart and
contrast agents into the bloodstream.

7. A system according to claim 6 wherein the injector
injects drugs into the bloodstream, and the controller is fur-
ther configured to change the rate at which cardiac tissue
absorbs the drugs by directing the ultrasound source to trans-
mit a high enough power level of ultrasound to one or more
locations in the heart.

8. A system according to claim 1, wherein the controller is
operative to choose the one or more locations to which the
ultrasound is transmitted.

9. A system according to claim 8, wherein the controller
controls the ultrasound source to direct ultrasound energy to



US 7,699,778 B2

17

a designated location, and a point of highest power flux den-
sity falls within an axial precision of 3 mm of said designated
location.

10. A system according to claim 9, wherein the point of
highest power flux density remains within the axial precision
of the designated location for at least 1 millisecond.

11. A system according to claim 8, wherein the controller
controls the ultrasound source to direct ultrasound energy to
a designated location, and the point of highest power flux
density falls within a transverse precision of 1 mm of said
designated location.

12. A system according to claim 11, wherein the point of
highest power flux density remains within the transverse pre-
cision of the designated location for at least 1 millisecond.

13. A system according to claim 8, wherein the controller
additionally controls the ultrasound source to direct a high
enough power level of ultrasound to one or more locations in
the heart to kill cardiac tissue by heating.

14. A system according to claim 8, wherein the controller
additionally controls the ultrasound source to direct a high
enough power level of ultrasound to one or more locations in
the heart to kill cardiac tissue by cavitation.

15. A system according to claim 1, and including an elec-
trocardiograph which measures the timing of the cardiac
cycle.

16. A system according to claim 15, wherein the electro-
cardiograph is operative to distinguish the electrical response
to the ultrasound, originating at any location in the heart, from
the electrical response originating one centimeter away from
said location.

17. A system according to claim 15, wherein the controller
coordinates the timing of the transmission of ultrasound with
the cardiac cycle.

18. A system according to claim 17, wherein said controller
coordinates said timing with one particular phase in the car-
diac cycle.

19. A system according to claim 17, wherein, said control-
ler coordinates said timing with more than one particular
phase in the cardiac cycle.

20. A system according toclaim 15, and including a cardiac
catheter which generates an electrical response in the heart,
and a calibration mode of the controller, wherein the control-
ler, when in the calibration mode, calibrates the ultrasound
power transmitted to the heart by the ultrasound array, by
comparing a physiological response induced by the ultra-
sound array to a physiological response induced by the cath-
eter.

21. A system according to claim 20 wherein the physiologi-
cal responses compared by the controller comprise electrical
responses.

22. A system according to claim 20, wherein the physi-
ological responses compared by the controller comprise
mechanical responses.

23. A system according to claim 20, wherein the cardiac
catheter generates an electrical response by direct electric
stimulation.

24. A system according to claim 20, wherein the cardiac
catheter comprises an internal ultrasound transducer, and the
cardiac catheter generates an electrical response by transmit-
ting ultrasound.
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25. A system according to claim 20, wherein the cardiac
catheter kills cardiac tissue.

26. A system according to claim 25, and including a laser,
wherein the cardiac catheter comprises a light guide, and the
light guide carries light from the laser, which light kills car-
diac tissue.

27. A system according to claim 15, wherein the controller
uses feedback from the electrocardiograph to control the
ultrasound power level.

28. A system according to claim 15, wherein the controller
is operative to make a map of the heart, showing the ultra-
sound power flux required to generate the electrical response
at each of several locations in the heart.

29. A system according to claim 15, wherein the controller
is operative to direct the ultrasound source to transmit a first
sequence of timed localized pulses of ultrasound energy to the
heart, and a second such sequence which differs from the first
sequence in one or both of timing and location of the pulses,
and the controller is operative to collect a first data set show-
ing the effects of the first sequence on the heart, and a second
data set showing the effects of the second sequence on the
heart.

30. A system according to claim 29, and including a cardiac
imaging system, and an image analyzer which analyzes
images produced by the cardiac imaging system for the first
sequence and the second sequence, and calculates one or
more of a systolic left ventricular volume for the first and
second sequence, a diastolic left ventricular volume for the
first and second sequence, and an ejection fraction for the first
and second sequence.

31. A system according to claim 1, and including a cardiac
imaging system which produces images showing the position
of one or more locations on the heart.

32. A system according to claim 31, and including sensors
which determine the relative position and orientation of the
imaging system and the ultrasound source.

33. A system according to claim 31, wherein the imaging
system determines the relative position and orientation of the
ultrasound source by imaging.

34. A system according to claim 31, wherein the controller
coordinates the timing of the imaging system with the timing
of the ultrasound source.

35. A system according to claim 31, wherein the imaging
system uses ultrasound imaging.

36. A system according to claim 35, wherein the imaging
system shares one or more ultrasound transducers with the
ultrasound source used to generate the electric response in the
heart.

37. A system according to claim 31, and including image
processing software which analyzes the images to determine
the position of one or more locations on the heart.

38. A system according to claim 37, wherein the image
processing software determines the position of one or more
locations on the heart in real time during a cardiac cycle.

39. A system according to claim 31 wherein the controller
is operative to make a map of the heart, using data from the
imaging system, showing the mechanical response of the
heart at one or more locations to ultrasound energy transmit-
ted to one or more locations.
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40. A system according to claim 31, wherein the controller
uses feedback from the imaging system to control the ultra-
sound power level.

41. A system according to claim 31, wherein said cardiac
imaging system is configured to be synchronized with said
ultrasound stimulation, in order to detect short-term mechani-
cal response of heart tissue to the ultrasound stimulation.

42. A system according to claim 1, wherein the ultrasound
source comprises a phased array of the ultrasound transduc-
ers.

43. A system according to claim 1, wherein at least one of
the at least one ultrasound transducer is adapted for use on a
surface of the body.

44. A system according to claim 43, wherein the at least one
ultrasound transducer comprises at least two ultrasound
transducers, sized and spaced so as to be placed between ribs
of the body, in such a way as to avoid blocking of ultrasound
by the ribs.

45. A system according to claim 1, wherein at least one of
the at least one ultrasound transducer is adapted for use in an
esophagus of the body.

46. A system according to claim 1, wherein the ultrasound
source and the controller are operative to direct the ultrasound
energy with 90% of the power flux falling within 3 mm
transversely of the point of highest power flux density.

47. A system according to claim 46, wherein the ultrasound
source and the controller are operative to direct the ultrasound
energy with 90% of the power flux falling within 1 mm
transversely of the point of highest power flux density.

48. A system according to claim 1, wherein the ultrasound
source and the controller are operative to direct the ultrasound
energy with the power flux spreading out to 50% of the
highest density thereof, within 6 mm axially of the point of
highest power flux density.

49. A system according to claim 48, wherein the ultrasound
source and the controller are operative to direct the ultrasound
energy with the power flux spreading out to 50% of the
highest density thereof, within 1.5 mm axially of the point of
highest power flux density.

50. A system according to claim 1, wherein the ultrasound
source and the controller are operative to direct the ultrasound
energy with a power flux density greater than 30 watts per
square centimeter at the point of highest power flux density.

51. A system according to claim 50, wherein the ultrasound
source and the controller are operative to direct the ultrasound
energy with a power flux density greater than 100 watts per
square centimeter at the point of highest power flux density.

52. A system according to claim 51, wherein the ultrasound
source and the controller are operative to direct the ultrasound
energy with a power flux density greater than 300 watts per
square centimeter at the point of highest power flux density.

53. A system according to claim 1, wherein the ultrasound
source and the controller are operative to direct the ultrasound
energy in a pulse lasting less than 10 milliseconds.

54. A system according to claim 53, wherein the ultrasound
source and the controller are operative to direct the ultrasound
energy in a pulse lasting less than 1 millisecond.

55. A system according to claim 1, wherein the ultrasound
source and the controller are operative to direct the ultrasound
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energy in a pulse lasting for a duration within 10% of a
duration for which the controller is directed to direct the
energy.

56. A system according to claim 1, wherein the ultrasound
source and the controller are operative to direct the ultrasound
energy ata frequency greater than 0.5 megahertz and less than
6 megahertz.

57. A system according to claim 45, and further including
an imaging system configured to locate the position of the at
least one ultrasound transducer relative to the chest cavity in
the esophagus.

58. A system according to claim 45, wherein said at least
one ultrasound transducer is additionally configured to act as
a cardiac imaging system which produces images showing
the position of one or more locations on the heart.

59. A system according to claim 1, wherein said controller
is configured to determine whether said ultrasound stimula-
tion has induced said action potential beyond the action
potential that already existed as part of the natural cardiac
cycle of the heart.

60. A system according to claim 59, wherein said controller
is configured to determine the exact threshold for the power
level of said ultrasound source, whereat said action potential
beyond the action potential that already existed as part of the
natural cardiac cycle of the heart is induced by said ultrasound
stimulation.

61. A system according to claim 60, wherein, if said action
potential beyond the action potential that already existed as
part of the natural cardiac cycle of the heart has not been
induced by said ultrasound stimulation, said controller is
configured to raise the power level of said ultrasound source.

62. A system according to claim 60, wherein, if said action
potential beyond the action potential that already existed as
part of the natural cardiac cycle of the heart has been induced
by said ultrasound stimulation, said controller is configured to
lower the power level of said ultrasound source.

63. A method of changing a cardiac stimulation sequence
for a patient, comprising:

a) choosing a test sequence of locations in the heart of the
patient, and a time in the cardiac cycle to stimulate each
location;

b) stimulating the test sequence of locations at the chosen
times in the cardiac cycle, using an ultrasound cardiac
stimulation system from outside the heart;

¢) evaluating a change in cardiac synchronization of the
patient associated with the test sequence;

d) choosing a stimulation sequence for a pacemaker, based
at least partly on the change in cardiac synchronization
that the test sequence produces; and

¢) changing a stimulation sequence of the heart to conform
to the chosen stimulation sequence by modifying opera-
tion of the pacemaker.

64. A method according to claim 63, wherein using an
ultrasound cardiac stimulation system from outside the heart
comprises using an ultrasound stimulation system from out-
side the body.

65. A method according to claim 63, wherein changing a
stimulation sequence of the heart comprises installing a pace-
maker.

66. A method according to claim 63, wherein changing a
stimulation sequence of the heart comprises adjusting a pace-
maker to obtain improved cardiac synchronization.
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67. A method according to claim 63, wherein (a), (b) and
(c) are performed a plurality of times for different test
sequences, and choosing an optimal stimulation sequence is
based at least partly on the change in a measure of cardiac
performance that the different test sequences produce.

68. A method according to claim 67, wherein the measure
of cardiac performance comprises cardiac output.

69. A method according to claim 67, wherein evaluating
the change in the measure of cardiac performance comprises
using systolic pressure measurements.

70. A method according to claim 67, wherein evaluating
the change in the measure of cardiac performance comprises
using images of a mechanical response of the heart to the
stimulation.

71. A method according to claim 67, wherein at least one of
the test sequences comprises a plurality of locations with the
same chosen time.

15
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72. A method according to claim 63, wherein evaluating
the change in cardiac synchronization comprises using elec-
trocardiograph data.

73. A method according to claim 63, wherein, for each
chosen location in the heart, said stimulating is performed at
chosen times in the cardiac cycle at one particular phase in the
cardiac cycle.

74. A method according to claim 63, wherein, for each
location in the heart, said stimulating is performed at chosen
times in the cardiac cycle at more than one particular phase in
the cardiac cycle.

75. A method according to claim 63, wherein said ultra-
sound cardiac stimulation system is configured to direct an
ultrasound source to transmit a high enough power level of
ultrasound to induce an action potential in the heart.
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