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(57) Abstract: A parameter indicative of the condi-
tion of a cardiac valve is determined by monitoring
blood flow, and/or velocity in a vessel that is cou-
pled to the cardiac valve or in a chamber adjacent to
an artificial cardiac valve. One or more ultrasonic
transducers (174A, 174B) are provided either in a
wall or a cuff (302) disposed about a cardiac vessel
(304) to monitor the parameter in regard to a natu-
ral or artificial cardiac valve, or in a support sewing
ring of an artificial cardiac valve. A conformal array
transducer or atilted element is used to monitor fluid
flow or velocity based on the effect of the blood on
ultrasonic waves produced by the transducers. The
conformal array transducer comprises a plurality of
elements that are excited with an input signal pro-
vided by an implanted electronics circuit producing
ultrasonic waves.
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ULTRASONIC MONITORING OF CARDIAC VALVULAR CONDITION

Related Applications

This application is a continuation-in-part application, based on prior
copending application Serial No. 09/078,818, filed on May 15, 1998, which in
turn is a divisional of application Serial No. 08/949,413, filed on October 14, 1997
and issued as U.S. Patent No. 5,807,258 on September 15, 1998, the benefit of the
filing dates of which is hereby claimed under 35 U.S.C. § 120.

Field of the Invention

The present invention generally relates to the use of ultrasonic transducers
to monitor flow and velocity, and more specifically, to the use of such sensors to
monitor flow and velocity of blood through a cardiac valve, so as to determine the
condition of the valve. |

Background of the Invention

A cardiac valve that is diseased or defective can be surgically excised and
replaced with an artificial valve. Once the valve has been replaced, it will be
desirable to carefully monitor the condition of the valve, to ensure that it continues
to function properly. While it is possible to externally examine a patient and reach
some nominal diagnosis concerning the condition of a replacement valve and its
proper functionality, an external examination may fail to identify incipient
problems. If the valve subsequently fails catastrophically, the patient may die
before surgery can correct the problem. Imaging techniques and other diagnostic
evaluations of the proper functioning of an artificial valve may be impractical,
patent application particularly because of expense and because they require the
patient to visit facilities where such evaluations can be carried out. Accordingly,
it will be apparent that means for performing such an evaluation on a continuing
basis while a patient remains mobile and continues to lead a normal daily routine
that does not involve frequent visits to a medical facility would be very desirable.
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Often, a patient’s natural cardiac valve may be diseased, but still capable
of functioning to at least a limited extent. Again, it would be helpful to monitor
the condition of the natural cardiac valve on a continuous basis to enable surgery
to be performed to replace the valve before the patient suffers a serious heart
attack caused by a failure of the valve. Currently, the most effective technique to
evaluate the condition of either an artificial cardiac valve or a natural valve is to
monitor the flow of blood through the valve. However, there is no convenient
way to accomplish this monitoring on a continuing basis. The velocity and
volume of blood flowing through a cardiac valve are ideal parameters for
determining whether the valve is functioning properly. Distal and proximal fluid
pressure across a valve are a further indication of its condition.

Ideally, it would be desirable to employ means for monitoring the condition of
fluid flow through a cardiac valve remotely, either continually or only periodically,
upon demand. The means used for monitoring the condition of a cardiac valve should
enable a physician to evaluate the parameters noted above at a remote location outside
the patient’s body, without resorting to an invasive procedure. Further, the monitoring
means should at least periodically be supplied power from an external source, since it
is unlikely that a battery could provide the power required by sensors and circuitry
required to monitor flow and other parameters indicative of a condition of a cardiac
valve for an extended period of time.

Various techniques are known in the prior art for monitoring flow and velocity
of a fluid inside a blood vessel, but in each case, the devices employed for this purpose
are intended for relatively short-term use immediately following surgery and are not
acceptable for the extended period for monitoring fluid flow, as noted above. For
example, one type of volume flow measurement system described in U.S. Patent
No. 4,227,407 uses two piezoelectric ultrasonic transducers that are alternately
activated to produce ultrasonic waves. The ultrasonic waves pass into a vein or artery
and are modified by the flow of blood in the vessel interposed between the two
transducers. When one transducer is actively transmitting an ultrasonic wave, the
other transducer serves as a receiver of the wave. The two transducers are oriented at
an acute angle relative to the longitudinal axis of the blood vessel, so that the
ultrasonic sound wave propagating through the blood vessel has a component in the
direction (or opposite to the direction) of blood flow through the vessel. In an
alternative embodiment disclosed in this patent, the transducers are located on the
same side of the blood vessel, spaced apart along its longitudinal axis, and a reflective
plate is disposed on the opposite side of the vessel, intermediate the positions of the
two transducers. An ultrasonic wave transmitted from either transducer passes
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through the blood vessel, is reflected from the reflective plate, and is received by the
other transducer. The difference in the transit times for the sound waves transmitted
from the two transducers (in both embodiments) is indicative of the flow through the
blood vessel. If transducers used only extend over a small portion of the diameter of
the vessel, the difference in transit time would be indicative of the velocity of blood
flowing in the blood vessel. However, since the transducers shown in this prior art
reference are sufficiently large so that the diameter of the blood vessel is fully
encompassed by the sound waves the transducers emit, the transit time is indicative of
the flow of blood flowing through the vessel, i.e., volumetric flow. The flow is thus
determined without any consideration of the internal cross-sectional area of the blood
vessel. While this prior art apparatus is useful for monitoring blood flow (or velocity)
through a blood vessel that is surgically exposed, the transducers are too large to be
implanted within a patient’s body and are unsuitable to monitor the fluid flow status
through a blood vessel associated with a cardiac valve. Also, to provide a good
acoustic path between the transducers and the adjacent surface of the vessel, it may
well be necessary to apply the transducers against the surface of the vessel with
sufficient force to distort the wall of the vessel into the notch in the apparatus that is
formed adjacent the sloping face of each transducer. Such distortion of the vessel may
adversely affect the accuracy of the measurements and is undesirable over an extended
period of time.

Another prior art approach for determining the velocity and/or flow of
blood in a vessel employs Doppler sensing using either a pulsed or continuous
wave ultrasonic signal that is emitted at a defined angle relative to the longitudinal
axis of the blood vessel. If only a single transducer is used, the angle must be
accurately known, and any error in the angle must be corrected. However, if a
transmitting transducer is disposed on one side of the blood vessel and a receiving
transducer is disposed on the opposite side of the blood vessel, angled so that the
ultrasonic beam reflected from the blood flowing through the vessel is directed to
the receiving transducer, an angle correction is not required.

Examples of apparatus for Doppler monitoring of blood flow are disclosed
in U.S. Patent Nos. 5,289,821 and 5,588,436. In the first of these two patents, an
ultrasonic transducer wire assembly is secured to a strip of biologically inert or
absorbable material, which is wrapped around and in contact with a blood vessel
to form a cuff, preferably disposed downstream from an anastomosis of the vessel,
such as may be performed during microvascular surgery. The wire from the
transducer exits the patient’s body through a slit and is coupled to ultrasonic
processing means that determine the velocity of blood flowing through the vessel
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by the Doppler processing of an ultrasonic wave that is transmitted by the
transducer and received as a reflection from the blood in the vessel. After
monitoring the velocity of blood flow for about three to seven days to determine if
any thromboses has formed that would impede blood flow, the wire and
transducer can be pulled from the strip and removed from the body through a
small incision, leaving the strip behind. This device is not usable for an extended
period of time (much beyond seven days), since the slit in the skin where the wires
penetrate represents a pathway for infection. Further, the patent teaches that the
invention is primarily intended for use on blood vessels close to the skin surface,
such as those resulting from microvascular surgery on a patient’s hand and thus
would be unusable for monitoring the fluid flow through a blood vessel adjacent
to the heart and deep within a patient’s body.

In the second patent listed above, a Doppler scheme for determining blood
velocity in a vessel is disclosed, wherein an elongate sheath is provided with a
transducer head at its distal end. Two wires extend longitudinally through the
sheath to a transducer that is mounted preferably at an angle of about 45° relative
to the longitudinal axis of the sheath. A biocompatible material such as epoxy
encases both the transducer and the distal ends of the wires. This molded housing
for the transducer has a concave surface that fixes the transducer relative to the
blood vessel and provides a close fit to the surface of the blood vessel to provide a
path for ultrasonic sound waves produced by the transducer to enter the blood
vessel and for reflected waves to be detected by the transducer. A mesh band is
wrapped around the transducer, and its ends are sutured together to hold the
concave surface of the material in contact with the outer surface of the blood
vessel. The band is made of VICRYL™ mesh or other absorbable/inert material.
A thread having ends that run inside and along the longitudinal axis of the sheath
secure the band to the distal end of the sheath. The proximal end of the sheath is
preferably left extending through the patient’s skin after the device is installed to
monitor blood velocity through a vessel in contact with the concave surface of the
material at the distal end of the probe. After the measurements are concluded
(purportedly, after a maximum of up to 21 days), the thread is cut and pulled from
its engagement with the band, so that the transducer, wires, and sheath can be
withdrawn, leaving the band in place — possibly to be absorbed, depending on the
material from which the band is fabricated.

Each of the Doppler devices discussed above is used to monitor the
velocity of blood through a vessel, and to the extent that the cross-sectional area of
the vessel is assumed or known, the devices enable flow to be estimated.
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However, neither prior art Doppler device is intended to monitor flow or velocity
of blood for more than a few days. In addition, the elongate sheath used with the
latter device is relatively bulky and not suitable for installation where available
space around the vessel is limited. Both devices put the patient at risk of
infection, because at least the wires coupled to the transducer must extend from
inside the patient’s body through the skin, to an external monitoring system.

Another prior art technique for monitoring flow with a Doppler system that is
more compact than the devices discussed above is based on a surface acoustic wave
(SAW) transducer that couples a “leaky wave” into the wall of a blood vessel. The
SAW transducer includes pairs of interdigital electrodes fabricated on a piezoelectric
substrate that is relatively small, e.g., about 1.6 mm by 2.2 mm. This transducer is
described in a paper entitled “Miniature Doppler Probe Using a Unidirectional SAW
Transducer” by T.Matsunaka and S. Yamashita. To produce a unidirectional
interdigital SAW transducer, the drive signal applied to half of the electrodes is phase
shifted by 90° relative to that applied to the other electrodes. The ultrasonic waves
produced by the device propagate primarily in only one direction at an angle, [J,
thereby enabling the direction of fluid flow in a blood vessel to be determined. The
wave that would normally be transmitted in the opposite direction at an angle, -0 0 is
instead canceled by the interference between the interdigital electrodes driven with
signals that are phase shifted relative to each other. This prior art reference states that
the signal produced by a prototype SAW transducer had a maximum amplitude at a
radiation angle of about 54.5°, with a beam width of about 2.5 times the actual
electrode width (one mm) and suggests that the beam width might be reduced by
modifying the electrode layout to achieve a “focusing effect.”

Several advantages of the interdigital electrode SAW transducer design
relative to the other devices available to measure flow and velocity of blood
through a vessel to determine the condition of a cardiac valve are apparent. The
interdigital SAW transducer is substantially smaller in size than the prior art
devices and requires less energy to produce ultrasonic waves. Further, the beam
width is substantially wider than the physical size of the electrodes so that the
apparatus can be made relatively small compared to the size of the beam that it
produces. In addition, unlike the single transducer apparatus shown in the prior
art first discussed above, which produce both forward and rearwardly directed
waves that are affected by the velocity of blood in either direction but cannot
determine the direction of flow, the unidirectional SAW transducer is able to
monitor fluid velocity and determine the direction of the fluid flow.
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The prior art does not disclose an interdigital transducer that monitors transit
time. Instead, each of the interdigital transducers of the prior art SAW transducer
discussed above produces a leaky SAW wave and employs the Doppler effect to
determine the velocity of blood in a vessel. For monitoring velocity and flow through
a vessel and thereby determine the condition of a cardiac valve, it would be preferable
to employ a transducer that is compact, like an interdigital SAW transducer, but one
that also has the ability to measure transit time and thus flow, generally independent of
any considerations of velocity profile or cross-sectional area of the vessel. This
transducer should be implantable, preferably built into or secured to a supporting
structure that is installed in a patient’s body, supplied with electrical power from a
source outside the patient’s body, without using wires that penetrate the dermal layer,
and should also permit monitoring of the flow, velocity, and pressure of a fluid without
use of wires that pass through the skin. Currently, no compact prior art device is
available that can remotely monitor flow and velocity parameters of a blood vessel to
determine the condition of a cardiac valve for long periods (e.g., for months or even
years) of time. Further, none of the prior art devices is designed to be wholly
implanted, remotely monitored, and provided with power from a remote source
outside the patient’s body.

Summary of the Invention

In accord with the present invention, a band is defined that is adapted to be
applied around a cardiac vessel to monitor a condition of a cardiac valve that controls
blood flow through the cardiac vessel in a patient’s body. The band includes a
biocompatible material that is sufficiently elastomeric to be wrapped around a cardiac
vessel, forming a cuff. A first transducer is disposed within the wall of the cuff and
produces a signal indicative of a parameter of the blood flowing through the cardiac
vessel. This parameter is thus indicative of a condition of the cardiac valve. A coil is
coupled to the first transducer and conveys the signal to a point external to the patient’s
body for use in evaluating a condition of the cardiac valve as a function of the
parameter of the blood flowing through the cardiac vessel.

The first transducer preferably includes a plurality of elements formed on a
piezoelectric substrate. When excited by a radio frequency signal, the elements
emit ultrasonic waves that propagate into the cardiac vessel and are affected by the
blood flowing through the cardiac vessel. A receiver of the ultrasonic waves
produces the signal indicative of the parameter and is coupled to the coil so that
the signal produced by the receiver is conveyed outside the patient’s body.

The parameter is preferably either one of a velocity and a flow of the blood
through the cardiac vessel, and the signal that is indicative of the parameter is
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determined as a function of the blood’s effect on the ultrasonic waves within the
cardiac vessel. It is also preferably that the receiver comprise a second transducer
including a plurality of elements formed on a piezoelectric substrate. The second
transducer is disposed within the wall of the cuff and responds to the effect of the
blood in the cardiac vessel on the ultrasonic waves to produce the signal indicative
of the parameter. The first transducer and the second transducer are preferably
disposed on opposite sides of the cuff, so that the ultrasonic waves pass through
the cardiac vessel when traveling between the two transducers. The signal
produced by the second transducer provides an indication of a transit time of the
ultrasonic waves through the cardiac vessel.

The plurality of elements comprising the first transducer and the second
transducer are sufficiently flexible to conform to a curved shape of an exterior
surface of a cardiac vessel. In addition, the plurality of elements comprising the
first transducer are divided into a first portion and a second portion, with elements
comprising the first portion interdigitally dispersed among elements comprising
the second portion. The elements in the first portion are adapted to couple to the
radio frequency signal in one polarity, and the elements comprising the second
portion are adapted to couple to the radio frequency signal with an opposite
polarity, so that the ultrasonic waves produced by the elements comprising the
second portion are phase shifted by about 180° relative to the ultrasonic waves
produced by the elements comprising the first portion.

Also preferably included in this embodiment is a phase shifter. The
elements comprising the first transducer are then divided into four portions
arranged in an ordered array in which each successive element is from a different
one of the four portions, taken in order. The radio frequency signal is applied to
the phase shifter, and a phase shifted signal produced by the phase shifter is
applied to at least two of each successive four elements to provide about a 90°
phase difference between the ultrasonic waves emitted by successive elements.
Consequently, the ultrasonic waves that are emitted by the first transducer in one
direction are substantially canceled due to a destructive interference.

In another embodiment, the first transducer and the second transducer are
spaced apart from each other along a side of the cuff, and a reflector is disposed
on an opposite side of the cuff from the first transducer and generally opposite a
point between the first transducer and the second transducer. The ultrasonic
waves from the first transducer then pass through the cardiac vessel and are
reflected back toward the second transducer by the reflector.
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The first transducer and the second transducer may alternately function as
an emitter and as a receiver of the ultrasonic waves during successive time
intervals. The radio frequency signal are coupled to the plurality of elements
comprising the second transducer when it functions as the emitter, while the
plurality of elements comprising the first transducer are then coupled to the coil
and produce the signal indicative of the parameter in response to the ultrasonic
waves affected by the blood in the cardiac vessel. Also included is a multiplexer
that is used for alternately coupling the first and the second transducers to the
radio frequency signal and to the coil.

The frequency of the radio frequency signal is preferably controlled to
determine a beam angle along which the ultrasonic waves are emitted by the first
transducer, in at least one of the embodiments. The coil is adapted to couple to a
source of energy that is external to the patient’s body, to provide electrical power
for energizing electrical components of the band. In one embodiment, the coil is
disposed within the wall of the cuff and comprises an insulated wire formed in a
plurality of loops. In another embodiment, the coil is adapted to be implanted
under a dermal layer in the patient’s body and to be electrical connected to the
flow transducer. In either case, the coil is adapted to electromagnetically couple to
an external coil that is connected to the source of energy.

The receiver preferably comprises the first flow transducer. The radio frequency
signal is then applied to the plurality of element as a pulse, causing the plurality of
ultrasonic waves to be emitted as a pulse. In this case, the plurality of elements
comprising the first transducer receive an echo of the pulse of the ultrasonic waves that
is reflected from the blood to determine the parameter based on a Doppler effect.

Another aspect of the present invention is directed to an artificial cardiac valve
that monitors blood flow therethrough to determine a condition of the cardiac valve
after it is mounted in a patient’s heart. The artificial cardiac valve includes a movable
valve element, which in a first position, enables blood to flow in a desired direction
through the artificial cardiac valve, but in a second position, blocks blood flow
therethrough in an opposite direction. A generally annular support is provided for the
valve element. A flow transducer is disposed within the support and is oriented to
monitor flow through the artificial cardiac valve within a portion of a chamber in a
patient’s heart. The flow transducer produces a signal indicative of blood flow
through the artificial cardiac valve during a cardiac cycle. The blood flow can be
evaluated to determine a condition of the artificial cardiac valve. The signal is adapted
to couple through a radio link to an external monitoring site that is outside the patient’s
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body to enable the condition of the artificial cardiac valve to be monitored by medical
personnel at least from time to time.

An additional transducer is preferably disposed with the support and is
oriented to monitor flow through the artificial cardiac valve in a different portion of the
chamber, producing an additional signal that is adapted to couple with the external
monitoring device through the radio link. The additional signal is further indicative of
blood flow through the artificial cardiac valve and is employed to better determine the
blood flow through the valve. By using both flow transducers, the condition of the
artificial cardiac valve can be more completely evaluated.

An antenna coil is disposed within the support in one embodiment. The
antenna coil is used to couple energy from an external source into the flow
transducer to energize it and to transmit the signal produced by the flow
transducer to the external monitoring device.

In another embodiment, an implanted antenna coil is adapted to be disposed
within the patient’s body, outside the patient’s heart and apart from the flow
transducer, but connected thereto. The implanted antenna coil is also used to couple
energy from an external source into the flow transducer to energize it and to transmit
the signal produced by the flow transducer to the external monitoring device.

If multiple flow transducers are used, a multiplexer is coupled to the flow
transducers and is adapted to successively couple the signals produced by the flow
transducers to the radio link and the energy received from the external coil to the
flow transducers to energize them.

In one preferred form of the invention, each flow transducer produces
range-gated pulsed Doppler ultrasonic pulses that are usable to determine blood
flow velocity through the cardiac valve. When the artificial cardiac valve is
mounted in a patient’s heart, the ultrasound beams produced by the one or more
flow transducers are directed into a cardiac chamber disposed upstream from the
artificial cardiac valve.

Other aspects of the present invention are directed to methods that include
steps generally consistent with the functions implemented by components of the
apparatus discussed above.

Brief Description of the Drawing Figures

The foregoing aspects and many of the attendant advantages of this
invention will become more readily appreciated as the same becomes better
understood by reference to the following detailed description, when taken in
conjunction with the accompanying drawings, wherein:
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FIGURE 1 is a block diagram showing a first embodiment of an implanted
electronic circuit for monitoring the status of a cardiac valve with a selected
transducer from among a plurality of transducers;

FIGURE 2 is a block diagram of a second embodiment of an implanted
electronic circuit for monitoring the status of a cardiac valve using separate
multiplexers for transmit and receive functions;

FIGURE 3 is a block diagram of a third embodiment of an implanted
electronic circuit for monitoring the status of a cardiac valve using separate
multiplexers and amplifiers for transmit and receive functions;

FIGURE 4 is a block diagram of a fourth embodiment of an implanted
electronic circuit for monitoring the condition of a cardiac valve that employs a
local transmitter to excite a selected transducer, and a modulator/transmitter for
transmitting signals from the transducers;

FIGURE 5 is a block diagram of a fifth embodiment of an implanted
electronic circuit for monitoring the status of a cardiac valve, where one
transducer is selected for transmitting and receiving, and a modulator/transmitter
is used for transmitting the signal produced by the receiving transducer;

FIGURE 6 is a block diagram of a sixth embodiment of an implanted
electronic circuit for monitoring the status of a cardiac valve, wherein one of a
plurality of transducers is selectively coupled to a modulator/transmitter for
transmitting a signal indicative of fluid pressure or other parameters;

FIGURE 7 is a cross-sectional view of an implanted radio frequency (RF)
coupling coil and an external coil;

FIGURE 8§ is a bottom view of the external coil shown in FIGURE 7,

FIGURE 9 is a cut-away, side elevational view of an alternative external coil and
a side elevational view a spiral RF coupling coil implanted within a patient’s body;

FIGURE 10 is a cut-away, side elevational view of a further embodiment of an
external coil and a side elevational view of a saddle-shaped RF coupling coil;

FIGURE 11 is a side elevational schematic view of a dual beam conformal
transducer array on a carrier band for use around a fluid carrying vessel, in accord
with the present invention;

FIGURE 12 is an end elevational view of the conformal transducer array
of FIGURE 11, around a vessel;

FIGURE 13 is a plan view of the conformal transducer array shown in
FIGURES 11 and 12, cut along a cut line to display the dual conformal arrays in a flat
disposition;
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FIGURE 14 is an enlarged, partial transverse cross-sectional view of the
layers comprising the conformal transducer array mounted on a carrier band that is
disposed around a vessel wall;

FIGURE 15 is an enlarged, partial transverse cross-sectional view of the
layers comprising the conformal transducer array disposed within a artificial
cardiac valve wall or within a band that is coupled around a cardiac vessel to
monitor blood flow therethrough;

FIGURE 16 is an enlarged, partial cross-sectional side view of a tilted-element
transducer array disposed within a wall of an artificial cardiac valve or within a band
that is coupled around a cardiac vessel to monitor blood flow therethrough;

FIGURE 17A is a cross-sectional side view of a portion of a band or cuff
in which are disposed transversely oriented transducers for monitoring flow using
correlation measurements;

FIGURE 17B is a transverse, cross-sectional view of the band cuff shown
in FIGURE 17A;

FIGURE 18 is a ventral view of a human heart and portions of the adjacent
vessels, showing the present invention applied to the aorta for monitoring the flow
of blood to determine the condition of the aorta valve; and

FIGURE 19 is a sectional view of a human heart from above, after the atria
and arterial trunks have been removed to more clearly show the bicuspid (mitral)
and tricuspid valves;

FIGURE 20 is a cross-sectional view through one embodiment of an
artificial cardiac valve that includes flow transducers to monitor flow through the
valve and thus, to determine the condition of the valve; and

FIGURE 21 is a cross-sectional, simplified view of the right and left
ventricles of a human heart, showing the disposition of the mitral valve.

Description of the Preferred Embodiments

The present invention is employed for monitoring the status of fluid flow
through a vessel or cardiac valve and is disclosed in connection with a preferred
application in which the flow through a cardiac vessel to determine the condition
of a cardiac valve and to monitoring the flow through an artificial cardiac valve to
determine its condition. However, it is not intended that the invention be limited
to that application. Although much of the following disclosure relates to that
medically related application of the invention, it is also contemplated that various
aspects of the present invention are also applicable to monitoring the status of
fluid flow through any type of vessel, including without limitation, fluid flow
through a vessel employed in an industrial process.
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Employment of the present invention in the above-noted medical application
addresses the problems noted above in the Background of the Invention. Specifically,
if the status of fluid flow through a cardiac valve using a transducer is to be monitored
for an extended period of time, the system used for this purpose will very likely need
to receive energy from an external source and must convey data indicating the status of
fluid flow through the vessel and or cardiac valve to an external monitoring device that
is disposed outside the patient’s body. In many cases, it may be desirable to monitor
the status of flow through multiple transducers on different cardiac vessels or in
different cardiac valves or at multiple locations on a single cardiac valve. Thus, the
data signal indicating the status of fluid flow sensed by each separate transducer must
be selected to monitor the condition of fluid flow at each location of a transducer.
However, in some cases, only a single transducer may be required to monitor a
parameter such as flow or velocity, which is indicative of the internal condition of the
cardiac valve. A

FIGURE 1 illustrates a first embodiment of an implanted electronics
system for monitoring flow, applicable to the situation in which n transducers are
included on one or more bands around cardiac vessel and/or one or more artificial
cardiac valves implanted in the patient’s body. Variations of the electronic circuit
shown in FIGURE 1 are discussed below to accommodate specific conditions. In
addition, other embodiments of electronic circuits are illustrated in FIGURES 2-6.
These embodiments, like that of FIGURE 1, are useful for providing power to
transducers that monitor fluid flow or velocity through a valve or through a
cardiac vessel, and for transmitting data signals from the transducers outside a
patient’s body to an external remote monitoring console. Some of these circuits
are better suited for certain types of measurements than others, and again,
variations in the implanted electronic circuits are discussed below, as appropriate.

Each of the circuits shown in FIGURES 1-6 are intended to be implanted
within the patient’s body and left in place at least during the period in which the flow
conditions through one or more cardiac valves or vessels are monitored to determine
the status or condition of the cardiac valve(s). Although separate functional blocks are
illustrated for different components of the implanted electronic circuits in these
Figures, any of the implanted electronic circuits can be implemented in one or more
application specific integrated circuits (ASICs) to minimize size and cost, which is
particularly important when the electronic circuits are integral with a cuff or band that
is coupled around a cardiac blood vessel. The implantable electronic circuits can be
either included within the wall of an artificial cardiac valve, or may be simply affixed
to or implanted adjacent to a cardiac vessel.
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Each of the circuits shown in FIGURES 1-6 includes an RF coupling coil 30,
which is connected through lines 34 and 36 to an RF-to-DC power supply 32. This
power supply rectifies and filters an RF excitation signal supplied from an external
source to RF coupling coil 30, providing an appropriate voltage DC power signal for
the other components of the circuits illustrated in these Figures. In the simplest case,
the RF-to-DC power supply would only require rectifiers and filters as appropriate to
provide any needed positive and negative supply voltages, +Vs and -Vs. However, it
is also contemplated that the power supply may provide for a DC-to-DC conversion
capability in the event that the electromagnetic signal coupled into RF coupling coil 30
is too weak to provide the required level of DC voltage for any component. This
conversion capability would increase the lower voltage produced by the direct
coupling of the external RF excitation signal received by the RF coupling coil, to a
higher DC voltage. Details of the RF-to-DC power supply are not shown, since such
devices are well known to those of ordinary skill in constructing power supplies. It is
also contemplated that it may be necessary to limit the maximum amplitude of the RF
input signal to the RF-to-DC power supply to protect it or so that excessive DC supply
voltages are not provided to the other components. Alternatively, each component that
must be provided with a limited DC voltage supply may include a voltage limiting
component, such as a zener diode or voltage regulator (neither shown).

The RF-to-DC power supply may include a battery or a capacitor for storing
energy so that it need not be energized when monitoring the flow status, or at least,
should include sufficient storage capability for at least one cycle of receiving energy
and transmitting data outside the patient’s body. Although a storage battery can be
included, size limitations may prohibit any significant storage capacity. Instead, a
relatively small capacitor could provide the required storage capability. Neither a
battery or power storage capacitor are illustrated in the Figures, since they are well
known to those of ordinary skill and are only optional.

An additional element that is common to each of the circuits shown in
FIGURES 1-6 is an RF decode section 40, which is used for generating control signals
that are responsive to information encoded in the external RF excitation signal
received by RF coupling coil 30. This information can be superimposed on the RF
excitation signal, e.g., by amplitude or frequency modulating the signal received.

In regard to the circuits shown in FIGURES 1-3, the RF excitation frequency
is the same as the frequency used to excite a selected ultrasonic transducer to produce
an ultrasonic wave that propagates through a vessel or in a chamber of the heart,
upstream of an artificial cardiac valve being monitored, and for conveying data from a
transducer that receives the ultrasonic waves. This approach generally simplifies the
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implantable electronic circuitry but may not provide optimal performance. Therefore,
FIGURES 4 and 5 disclose implantable electronic circuitry in which the RF excitation
frequency used to provide power to the RF-to-DC power supply and to provide control
signals to RF decode section 40 is decoupled from the frequency that is used for
exciting the transducers and modulating the data that they provide for transmission to a
point outside the patient’s body.

Details of the Implantable Electronic Circuits

Referring now to FIGURE 1, line 36 from RF coupling coil 30 is connected to
a multiplexer (MUX) 38 to convey signals from a selected one of a plurality of n
transducers 44-46 that are coupled to the MUX. To select the transducer that will
provide the data signal related to the status of flow through the cardiac valve or cardiac
vessel being monitored, RF decode section 40 provides a control signal to MUX 38
through MUX control lines 42. The control signal causes the MUX to select a specific
transducer that is to be excited by the RF signal received by RF coupling coil 30 and
further, causes the MUX to select the transducer that will provide the data signal for
transmission outside the patient’s body via RF coupling coil 30.

The implantable electronic circuit shown in FIGURE 1 is perhaps more
applicable to the Doppler type of ultrasonic transducer for use in monitoring fluid
velocity through a cardiac vessel or inside a chamber of the heart, adjacent to an
artificial cardiac valve that includes the present invention. If a single-vessel pulse
Doppler transducer is used, the same transducer can be used for both transmission
and reception of the ultrasonic wave, thereby eliminating the need for MUX 38.
In the event that the transducers shown in FIGURE 1 are used for transit time flow
measurements, it will normally be necessary to use MUX 38 to switch between the
transducer used for transmitting the ultrasonic wave and that used to receive the
ultrasonic wave, which may present some problems in connection with switching
speed, power consumption, and switching transient recovery.

For a single-vessel transit time measurement, a pair of opposed transducers
that are disposed on opposite sides of the vessel or opposite side of the artificial
cardiac valve are typically used. In order to acquire bi-directional fluid flow data,
the direction of the ultrasound wave propagation must be known, i.e., the direction
in which the ultrasound wave propagates relative to the direction of fluid flow
through the vessel. In this case, MUX 38 is required. However, for single-vessel
applications in which the fluid flow is in a single known direction, such as through
a cardiac vessel, the transducers that are disposed on opposite sides of the vessel
can be electrically connected in parallel or in series, eliminating any requirement
for MUX 38. The RF-to-DC power supply and RF decode sections could also
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then be eliminated, since the retarded and advanced transit time signals would be
superimposed on the same RF waveform transmitted by RF coupling coil 30
outside the patient’s body. Although this modification to the implantable
electronic circuit shown in FIGURE 1 would not permit the direction of fluid flow
through a cardiac vessel to be determined, the retarded and advanced transit time
signals would interfere as they propagate in time, and their interference can be
used to estimate the magnitude of fluid flow through the cardiac vessel.

In FIGURE 2, an implantable electronic circuit is shown that uses a
transmit multiplexer (TX MUX) 50 and a receive multiplexer (RX MUX) 54. In
addition, a transmit (TX) switch 48 and a receive (RX) switch 52 couple line 36 to
TX MUX 50 and RX MUX 54, respectively. RF decode section 40 responds to
instructions on the signal received from outside the patient’s body by producing a
corresponding MUX control signal that is conveyed to TX MUX 50 and RX
MUX 54 over MUX control lines 56 to select the desired transducers.

When ultrasonic signals are being transmitted by one of the selected
transducers 1 through n, TX switch 48 couples the RF excitation signal received
by RF coupling coil 30 to the transducer that is transmitting the ultrasonic signal,
which is selected by TX MUX 50. The TX switch is set up to pass excitation
signals to the selected transducer only if the signals are above a predetermined
voltage level, for example, 0.7 volts. Signals below that predetermined voltage
level are blocked by the TX switch. Similarly, RX switch 52 connects the
transducer selected by RX MUX 54 to RF coil 30 and passes only signals that are
below the predetermined voltage level, blocking signals above that level.
Accordingly, the RF signal used to excite a first transducer selected by TX
MUX 50 passes through TX switch 48 and the lower amplitude signal produced
by a second transducer selected by RX MUX 54 in response to the ultrasonic
signal transmitted through the cardiac vessel, or from an artificial cardiac valve
through a heart chamber is conveyed through RX MUX 54 and RX switch 52 and
transmitted outside the patient’s body through RF coil 30.

The implantable electronic circuit shown in FIGURE 3 is similar to that of
FIGURE 2, but it includes a transmit amplifier (TX AMP) 58 interposed between TX
switch 48 and TX MUX 50, and a receive amplifier (RX AMP) 60 interposed between
RX MUX 54 and RX switch 52. TX AMP 58 amplifies the excitation signal applied
to the transducer selected by TX MUX 50 for producing the ultrasonic wave that is
propagated through a cardiac vessel wall. Similarly, RX AMP 60 amplifies the signal
produced by the transducer selected by RX MUX 54 before providing the signal to the
RX switch for transmission outside the patient’s body. Again, the circuit shown in
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FIGURE 3 is most applicable to transit time flow measurements and employs the same
frequency for both the RF excitation signal that supplies power to RF-to-DC power
supply 32 and the signal applied to a selected one of transducers 44-46 to generate the
ultrasonic wave propagating through the cardiac vessel wall, or from the artificial
cardiac valve within a heart chamber.

In contrast to the implantable electronic circuits shown in FIGURES 1-3,
the circuit shown in FIGURE 4 enables the RF excitation frequency applied to
RF-to-DC power supply 32 to be decoupled from the signal applied to excite any
selected one of transducers 44-46. Similarly, the signal produced by the
transducer receiving the ultrasonic waves propagating through the heart chamber
or cardiac vessel wall is at a different frequency than the RF excitation frequency.
In FIGURE 4, a transmitter (XMTR) 62 and a receive modulator/transmitter (RX
MOD/XMTR) 64 are coupled to and controlled by an RF decode/control
section 66. The RF decode/control section determines when the excitation
frequency is generated for application to a selected transmit transducer and when
the signal produced by the transducer selected to receive the ultrasonic wave is
used for modulating the RF signal applied to RF coupling coil 30. An advantage
of this approach is that the RF power delivered to RF coupling coil 30 is at an
optimal frequency for penetration through the patient’s body, thereby improving
the efficacy with which the RF energy couples to a specific depth and location
within the body. Another reason is for satisfying any requirements for selecting a
particular frequency to comply with RF allocation bands for medical equipment.
Similarly, the frequency applied to any selected transducers 44 and 46 to stimulate
their production of ultrasonic waves can be optimal for that purpose. Assuming
that the two frequency bands, i.e., the RF excitation frequency band for the signal
applied to the power supply and the frequency band applied to excite the
transducers, are sufficiently separated, the RF power delivery can occur
simultaneously with the excitation of a selected transducer and the reception of the
ultrasonic waves by another selected transducer. Accordingly, more RF power
can be coupled into the system from the external source than in the implantable
electronic circuits shown in FIGURES 1-3.

The control signals that are supplied to RF decode/control section 66 via RF
coupling coil 30 can be conveyed using nearly any kind of modulation scheme, e.g.,
by modulating the RF excitation that powers the device, or by sending a control signal
on a separate and distinct RF frequency. Also, the signals that are received from the
transducer in response to the ultrasonic wave that is propagated through the heart
chamber or cardiac vessel wall can be transmitted through the RF coupling coil at a
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different frequency than the incoming excitation frequency, thereby eliminating
interference between the power supply and data signal transmission functions.

The implantable electronic circuit shown in FIGURE 4 is most applicable to
transit time flow measurements in which pairs of transducers are selected for
transmitting and receiving the ultrasonic wave that propagates along one or more
directions within a cardiac chamber or through one or more cardiac vessel walls on
which the transducers are installed. RF decode/control section 66 can be employed to
control TX MUX 50 and an RX MUX 68 to interchange the transducers used for
transmission and reception of the ultrasonic wave on successive pulses. Using this
technique, the direction of the ultrasonic wave propagation through the cardiac
chamber or cardiac vessel is changed on alternating pulses of ultrasonic waves,
enabling transit time difference information to be gathered without requiring further
multiplexer programming information to be transmitted between successive ultrasonic
wave pulses. This approach greatly improves the data gathering efficiency of the
implantable electronic circuit shown in FIGURE4 compared to the previously
described implantable electronic circuits of FIGURES 1-3.

To further improve the implantable electronic circuit shown in FIGURE 4 for
use in sensing fluid velocity through a heart chamber or cardiac vessel using a Doppler
technique, the modification shown in FIGURE 5 is made. In the latter implantable
electronic circuit, a TX/RX switch 72 is added so that the circuit transmits and receives
through the same transducer. As a result, separate transmit and receive multiplexers
are not required. Instead, MUX 38 is used to select the specific transducer for
receiving the RF excitation signal produced by XMTR 62 so that the transducer
produces an ultrasonic wave and then receives the echo from fluid flowing through the
artificial cardiac valve or cardiac vessel to produce a receive data signal that is output
through RX MOD/XMTR 64. TX/RX switch 72 prevents the signal applied by TX
AMP 58 from overdriving the input to RX AMP 60, effectively isolating the RX AMP
during the time that the RF signal is applied to the transducer to excite it so that it
produces the ultrasonic wave. However, the echo signal received by the transducer is
allowed to reach RX AMP 60 when TX/RX switch 72 changes state (from transmit to
receive). Generally, the implantable electronic circuit shown in FIGURE 5 has the
same benefits as described above in connection with the circuit shown in FIGURE 4.
RF decode/control section 66 responds to the information received from outside the
patient’s body that determines which one of transducers 44-46 is selected at any given
time by producing an appropriate MUX control signal that is supplied to MUX 38
over MUX control lines 56.
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It is also contemplated that RF decode/control section 66 may cause
MUX 38 to select a different transducer for producing/receiving the ultrasonic
waves after a predefined number of transmit/receive cycles have elapsed. For
example, a different transducer may be selected after eight cycles have been
implemented to transmit an ultrasonic wave into the heart chamber or cardiac
vessel and to receive back the echoes from the fluid flowing through the heart
chamber or cardiac vessel. By collecting data related to the status of flow through
one or more cardiac valves or cardiac vessels in this manner, it becomes
unnecessary to send programming information to RF decode/control section 66
after each cycle of a transmission of the ultrasonic wave into the fluid in the heart
chamber or cardiac vessel and reception of the echo. By carrying out a predefined
number of transmit/receive cycles for a given transducer that has been selected by
MUX 38 and averaging the results, a more accurate estimate of fluid velocity
through the cardiac vessel can be obtained than by using only a single
transmission and reception of an ultrasonic wave. Since the signal required to
instruct RF decode/control section 66 to change to the next transducer is only
required after the predefined number of cycles has been completed, the data
gathering efficiency of the implanted electronic circuit is improved.

Although transducers 44-46 that are shown in FIGURES 1-5 need not be
ultrasonic transducers, FIGURE 6 illustrates an implantable electronic circuit that
is particularly applicable for use with transducers 44-46 comprising pressure
sensors. For example, such pressure sensors could be disposed within the wall of
an artificial cardiac valve to sense the pressure of fluid flowing through the valve
at one or more points. MUX 38 is used for selecting a specific pressure transducer
to provide a data signal that is transmitted to the outside environment via RF
coupling coil 30. In this circuit shown in FIGURE 6, a modulator/transmitter
(MOD/XMTR) 70 receives the signal from the transducer selected by MUX 38 in
response to the MUX selection signal provided over MUX control lines 56 from
RF decode/control section 66 and using the signal, modulates an RF signal that is
supplied to RF coupling coil 30. The RF signal transmitted by coupling coil 30
thus conveys the data signal indicating pressure sensed by the selected transducer.
In most cases, parameters such as fluid flow or velocity are better indicators of the
condition of a cardiac valve.

RF Coupling Coil and External Coil Embodiments

FIGURES 7-10 illustrate details of several different embodiments for the RF

coupling coil that is implanted within a patient’s body for receiving RF energy to

provide power for the implanted electronic circuits discussed above and for
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transmitting data relating to the condition of flow through one or more artificial
cardiac valves or cardiac vessel monitoring cuffs that have been installed within the
patient’s body. Optimization of RF coupling between the RF coupling coil that is
implanted and the external coil is partially dependent upon the propagation
characteristics of the human body. Since body tissue is largely comprised of water, the
relative dielectric constant of flesh is approximately equal to that of water, i.e., about
80. Also, the permeability of tissue comprising a body is approximately equal to one,
i.e., about that of free space. The velocity of propagation of an RF signal through the
body is proportional to the inverse square root of the dielectric constant and is
therefore about 11% of the velocity of the signal in free space. This lower velocity
reduces the wavelength of the RF signal by an equivalent factor. Accordingly, the
wavelength of the RF signal transferred between the implanted RF coupling coil and
the external coil would be a design consideration if the separation distance between the
two is approximately equal to or greater than one-quarter wavelength. However, at the
frequencies that are of greatest interest in the present invention, one-quarter
wavelength of the RF coupling signal should be substantially greater than the
separation distance between the two coils.

The penetration of RF fields in the human body has been studied extensively
in conjunction with magnetic resonance imaging (MRI) systems. RF attenuation
increases with frequency, but frequencies as high as 63 MHz are routinely used for
whole body imaging, although some attenuation is observed at the center of the torso
at the upper end of the frequency range. In addition, MRI safety studies have also
provided a basis for determining safe operating limits for the RF excitation that define
the amplitude, which can be safely applied without harm to the patient.

It is contemplated that for cardiac vessel flow monitoring cuff implants
placed deep within the body of a patient, and for artificial cardiac valves that
include ultrasonic transducers, RF excitation and frequencies used for
communicating data related to the fluid flow cardiac valve or cardiac vessel can be
up to about 40 MHz, although higher frequencies up to as much as 100 MHz may
be feasible. At 40 MHz, the wavelength of the RF excitation signal in tissue is
about 82 cm, which is just that point where wavelength considerations become an
important consideration. For shallow RF antenna implants, RF excitation at a
much higher frequency may be feasible. To provide energy to the implanted
electronic circuit and to receive data from transducers associated with such
antennas, frequencies in the range of a few hundred MHz may be useful. The
dielectric properties of tissue have been studied to at least 10 GHz by R. Pethig,
Dielectric _and Electronic Properties of Biological Materials, Wiley Press,
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Chichester, 1979 (Chapter 7). Based on this study, no penetration problems are
anticipated in the frequency range of interest. The dielectric constant of tissue
decreases to about 60 at a frequency of 100 MHz and is about 50 at 1 GHz, but
this parameter has little effect on power/data signal coupling.

In FIGURE7, an RF coupling coil30’ is disposed opposite a
corresponding external coil 90. RF coupling coil 30’ includes a toroidal coil 82
that is wound in the hollow center channel of a toroidal-shaped core 84. Core 84
and toroidal coil 82 are contained within a biocompatible housing 80 that also
provides RF shielding around the coil except where it lies opposite to external
coil 90. External coil 90 is of similar design, including a toroidal coil 92 disposed
within the hollow center portion of a toroidal-shaped core 94. A housing 96
comprising an RF shield encloses much of the toroidal coil and core. A cable 98
conveys signals to and from an external power supply and patient monitoring
console 100, which is shown in FIGURE 8.

The external coil and RF coupling coil shown in FIGURES 7 and 8
represent one embodiment used for coupling electrical energy and conveying data
signals across a skin interface 102 for applications in which the RF coupling coil
is implanted relatively close to the surface of the skin. For example, RF coupling
coil 30’ and external coil 90 would provide the coupling required for a system
used to monitor the condition of an artificial cardiac valve that does not include an
internal RF antenna coil. During surgery to implant an artificial cardiac valve, a
patient’s chest is opened, making it relatively straightforward to implant RF
coupling coil 30’ beneath the skin as the chest is being closed.

Although the external core and internal core need not be identical in size
and shape, it is generally true that coupling will be optimal if the annular surfaces
of the two cores are of approximately the same dimensions and if the core halves
are aligned. By observing the strength of the signal transmitted from RF coupling
coil 30’, it should be possible to position external coil 90 in proper alignment with
the implanted coil so that the amplitude of the signal is maximized.

To function as a transformer core, the material used must have a relatively
high magnetic permeability, at least greater than one. Although ferrite is
commonly used for core materials, sintered powdered iron and other alloys can
also be used. Since the choice of materials for the cores of the RF coupling coil
and the external coil based on the magnetic characteristics of such materials are
generally well understood by those of ordinary skill in the art, further details need
not be provided herein to provide an enabling disclosure of the present invention.
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Housing 96 on external coil 90 provides RF shielding against electromagnetic
interference (EMI). Housing 96 is preferably conductive, grounded, and surrounds the
external coil except where the face of core 84 is opposite core 94 of the implanted
coupling coil. The RF shield comprising housing 96 also includes a split annular
ring 116, which is attached to the internal shield (not separately shown) at cable 98. A
similar split annular ring 86 is provided on RF coupling coil 30’ covering toroidal
core 82. Split annular rings 86 and 116 are used so that a shorted turn is avoided that
would otherwise tend to attenuate a coupling between the external coil and RF
coupling coil. The housing of the implanted coupling coil is connected to the shield on
the cable, and the shield is connected to a shield on the cuff that includes the ultrasonic
flow sensors to monitor flow through a cardiac vessel. Inside power supply and
patient monitoring console 100, the shield on cable 98 is connected to ground. The RE
shields on both the external coil and the RF coupling coil that is implanted within the
patient, along with the shields provided around the transducers (described below)
minimize external EMI radiation due to the use of the present invention within a
patient’s body.

Referring now to FIGURE 9, a plurality of spiral conductor coils 108 are
shown for coupling RF energy and data to an electronics assembly 110 used by an
implanted cuff disposed around a cardiac vessel or by an artificial cardiac valve
that is implanted within a patient’s heart. Although the drawing shows only a
single layer of spiral coils 108, it is contemplated that a plurality of layers of such
coils may be used and that the spacing between the spiral coils may be
substantially closer than illustrated in the Figure. Electronics assembly 110 may
include any of the implantable electronic circuits shown in FIGURES 1-6. Not
shown in FIGURE 9 are the transducers that are provided within the wall of the
artificial cardiac valve or within the band that is wrapped around a cardiac vessel.

An external coil 90’ shown in FIGURE 9 has a generally C-shaped
core 94’ about which is coiled a plurality of turns 92°. Leads 98 pass through a
housing 96’ that comprises an RF shield and connect the external coil to a power
supply and monitoring system (not shown). Lines of magnetic flux 112 intersect
spiral coils 108 to provide electrical power for energizing electronics
assembly 110. Similarly, spiral coils 108 generate an electromagnetic field that is
concentrated along a longitudinal axis of the spiral coils that is sensed by external
coil 90’ to convey data indicating the flow status of the fluid through a cardiac
valve to the power supply and monitoring system. Alternatively, external coil 90’
can be used to couple with an antenna coil included within the wall of an artificial
cardiac valve, as will be discussed below.
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Core 94’ of external coil 90’ is preferably fabricated of a ferrite core material,
or other suitable alloy. The number of coils 92’, the size of the wire, size of the core,
and other parameters can be determined for a particular frequency of operation using
conventional transformer design criteria, by one of ordinary skill in the art.

In FIGURE 10, a plurality of generally saddle-shaped coils 114 are
implanted within a patient’s body, generally below skin interface/dermal
layer 102. Again, the RF coupling coil is coupled to electronics assembly 110.
Although only a single layer of saddle-shaped coils 114 is illustrated, it is
contemplated that a plurality of such interconnected layers could be provided.

An external coil 90’ is provided that includes a plurality of coils 92”
wrapped around a central portion of a generally E-shaped core 94”. Lines of
electromagnetic flux are thus produced between the central leg and each of the end
legs of core 94”. It will therefore be apparent that in this embodiment, the RF
coupling coil and the external coil achieve optimum coupling when the distance
separating the two is minimal. Therefore, external coil 90’ is best used in
applications where the implanted saddle-shaped antenna is disposed relatively
close to dermal layer 102 so that tissue 104 separating the implanted antenna from
external coil 90°” is only a few centimeters thick. Maximal coupling is achieved
when the longitudinal axis of external coil 90’ is aligned with the longitudinal
axis of saddle-shaped antenna coils 114.

Description of the Ultrasonic Transducer Arrays

An ultrasonic transducer for monitoring flow or fluid velocity through a
cardiac valve or cardiac vessel should be relatively compact if it is to be mounted
within the wall of an artificial cardiac valve, or included in a cuff that wraps around a
cardiac vessel. Typically, a prior art ultrasonic transducer includes an element
comprising a planar slab of a piezoelectric material having conductive electrodes
disposed on opposite sides thereof. Since such elements are relatively planar, they do
not conform to the circular cross-sectional shape of an artificial cardiac valve or
cardiac vessel cuff and therefore, are not compact or appropriate for use with an
artificial cardiac valve or cardiac vessel cuff that is implanted within a patient’s body
and which is intended to be left in place for an extended period of time.

FIGURE 11 shows an embodiment of an extremely low profile ultrasonic
transducer comprising a conformal array 174a disposed on opposite sides of a
cardiac vessel 170 from a conformal array 174b. Ideally, the conformal array
comprises a piezoelectric plastic used as a transduction material and having
sufficient flexibility to allow the transducer elements to be wrapped around a
wall 168 of vessel 170. Such flexible piezoelectric plastic materials are readily

PCT/US00/20308



10

15

20

25

30

35

WO 01/12070

23

available. It should be noted that vessel 170 is one of the cardiac vessels, and that
the transducer is used to monitor the condition of a natural or artificial cardiac
valve controlling blood flow through that vessel. However, the compact, low
profile aspect of the conformal transducer array makes it ideally suited for other
applications outside the medical field. It is therefore contemplated that the
conformal array ultrasonic transducer shown in FIGURES 11, 12, and 13 may
alternatively be used in other commercial and industrial applications in which
space around a vessel wall is at a premium and there is a need to monitor flow
and/or velocity of a fluid through the vessel. Thus, the conformal array transducer
may be used to monitor fluid flow or velocity through a plastic or metal pipe or
tube. Furthermore, it can be used for either transit time or Doppler measurements.
When used for transit time measurements, as shown in FIGURES 11 and 12,
conformal arrays 174a and 174b are disposed generally on opposite sides of the
vessel and encompass much of the circumference of the vessel.

However, when a pulsed Doppler measurement is made using the
conformal array transducer, only a single such transducer is required, since it first
produces an ultrasonic wave that is transmitted into the vessel and then receives an
echo reflected back from the fluid flowing through the vessel. If used for
continuous wave (CW) Doppler measurements, the pair of conformal array
transducers disposed on opposite sides of the vessel are again needed, one
transducer serving as a transmitter and the other as a receiver. In each case, it is
presumed that the fluid has a non-zero velocity component directed along an
ultrasonic beam axis of the ultrasonic wave produced by the conformal array
transducer serving as a transmitter.

Conformal arrays 174a and 174b shown in FIGURES 11-13 produce
ultrasonic beams 178 that are tilted relative to the transverse direction across
vessel 170 in substantially equal but opposite angles with respect to the
longitudinal axis of the vessel. Since dual beam transit time measurements are
implemented by conformal arrays 174a and 174b, the results are self-
compensating for tilt angle errors. This form of self-compensation is only
required where the alignment of the conformal array relative to the longitudinal
axis of the vessel may be imperfect. For example, such imperfections are likely to
occur when the conformal arrays are used in connection with 'monitoring the status
of fluid flow through cardiac vessels within a patient’s body, since the cardiac
vessels are not rigid and frequently are not straight -- even within the limited
length of the conformal array. For transit time measurements made on vessels
wherein the alignment of the transducer relative to the longitudinal axis of the
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vessel is well known, an opposed pair of conformal arrays disposed on opposite
sides of the vessel is sufficient so that the added complexity of the dual beam
transducer geometry is not required for self compensation.

In the case of pulsed Doppler velocity measurements, a single transducer
would again likely be adequate so long as the alignment of the transducer to the
vessel is accurately controlled. If the alignment of the conformal array transducer
is not controlled or not well known, a second such transducer can be used to
gather velocity data along a second beam axis using pulsed Doppler velocity
measurements. Assuming that the second axis is tilted in an equal but opposite
direction as the first axis, the Doppler measurements made by the two conformal
array transducers should be self-compensating for tilt errors. In this case, the
second conformal array transducer could be mounted on the same or on an
opposite side of the vessel from that where the first conformal array transducer is
mounted to implement the Doppler measurements.

For CW or pseudo-CW Doppler velocity measurements (in which a
relatively long duration pulse of ultrasonic waves is produced), the transit signal is
applied for a sufficiently long period so that a second transducer is needed to
receive the echo signals. In this case, a single set of diametrically opposed
conformal array transducers can be used.

As perhaps best illustrated in FIGURE 12, conformal array
transducers 174a and 174b need not wrap entirely around vessel 170. In the
illustrated embodiment, the conformal array transducers each span an arc of
approximately 120° around the longitudinal axis of the vessel (i.e., about the
center of the circular vessel as shown in FIGURE 12). This geometry produces a
measurement zone through which ultrasonic beams 178 propagate that is
nominally equal to about 87% of the vessel outer diameter. Since vessel wall 168
has a finite thickness, the actual measurement zone (within the lumen of the
vessel) exceeds approximately 90% of the vessel internal diameter. If used for
Doppler velocity measurements, it is contemplated that the conformal array
transducer need cover only a central portion of the vessel. As a result, the span of
the conformal array transducer can be reduced from about 120° to something
within the range from about 60° to about 90°. This conformal array transducer is
particularly useful in determining the condition of a cardiac valve by monitoring
flow through a cardiac vessel adjacent to the cardiac valve.

To produce a wide, uniform ultrasound beam such as that needed for transit
time measurements of flow, the conformal array transducer must produce ultrasonic
waves having a wave front characterized by a substantially uniform amplitude and
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phase. As shown in FIGURE 11, lateral projections through each of a plurality of
transducer elements comprising the conformal array transducers are indicated by
straight lines 176. These straight lines indicate the centers of the transducer elements
and are perpendicular to the axis of propagation of ultrasonic beams 178 (represented
by bi-directional arrows directed along the axes of propagation of the ultrasonic
waves). In the preferred embodiment, the spacing between the element centers, i.e.,
between straight lines 176, is approximately equal to a phase angle of 90° at the
transducer’s excitation frequency. Thus, starting at the top of FIGURE 11 and
working downwardly, transducer elements disposed along each of the displayed
straight lines produce acoustic waves that are successively delayed by 90°, or
one-quarter wavelength in the fluid medium through which the ultrasonic waves
propagate. For tissue, a sound velocity of 1,540 meters/second is normally assumed,
so that the physical spacing of the projected straight lines would typically be defined
by the following:
Projected Spacing in millimeters = 1.54/(4F0)

where FO is equal to the center frequency in MHz. If zero degrees is assigned to
the top-most element of conformal array 174a, the next element would operate at
-90° relative to the top element, followed by an element operating at -180°, and
then one operating at -270°, and finally by an element operating at 0° relative to
the top electrode. Thus, conformal array 174a produces a succession of ultrasonic
waves spaced apart by a 90° space shift, thereby achieving a desired phase
uniformity across the transducer.

Amplitude uniformity can be achieved in the ultrasonic wave front by
“shaving” the elements of the conformal array. Although shaving could be
achieved in a variety of ways, the preferred embodiment controls shaving by
varying the area of each element.

Conformal array transducers 174a and 174b are carried on a band 172
preferably made from the piezoelectric plastic material used for the element
substrate, which is sized to fit snugly around an outer surface of vessel 170, such
as that of a cardiac vessel. Band 172 is intended to position the conformal array
transducers in acoustic contact with vessel wall 168. Such contact assures that the
ultrasonic waves produced by the element of the conformal array are conveyed
through the vessel wall and into the fluid flowing through the interior of the
vessel. Preferably, the piezoelectric plastic comprising band 172 is fabricated
from a material such as polyvinylidene fluoride (PVDF), poly(vinyl cyanide-vinyl
acetate) copolymer (P(VCN/VAc), or poly(vinylidene fluoride-trifluoroethylene)
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copolymer (P(VDF-TrFE)). Preferably, P(VDF-TrFE) is used because of its
superior piezoelectric coupling and relatively lower losses.

Referring now to FIGURE 13, further details of the conformal array
transducers are illustrated. In this embodiment, alternating elements of the conformal
array produce ultrasonic waves differing by 90°. In the view shown in FIGURE 13, a
cut line 175 intersects the lateral center of conformal array 174b. In practice, any cut
would more likely extend through band 172 at a point approximately midway between
conformal array 174a and conformal array 174b. If band 172 must be cut in order to
wrap the band around vessel 170, i.e., when it is not possible or practical to slip
band 172 over the vessel uncut, the elements comprising the conformal array
transducers need not be interrupted or damaged. It will be apparent that installation of
band 172 around a cardiac vessel is facilitated by cutting the band and then wrapping it
around the vessel, unless a surgeon has previously cut through the vessel for some
other purpose, such as when installing an artificial cardiac valve. Electrodes
comprising each element of the conformal array can be photolithographically
generated on the piezoelectric plastic substrate comprising band 172. Alternatively,
the elements can be formed on a non-piezoelectric material comprising band 172, and
then the material with the elements formed thereon can be bonded to a piezoelectric
substrate in each area where a conformal array transducer element is disposed. In this
latter embodiment, it is contemplated that a flex circuit material such as a polyimide
could be employed for band 172, and that conventional photolithographic processing
methods might be used to fabricate the conformal array transducer circuitry on the
band. Further, the centers of alternating conformal array elements are coupled together
electrically via conductors 180 (shown as dash lines) in FIGURE 13. Not shown in
FIGURES 11-13 are the leads that extend from an electronics assembly used to drive
the conformal array. Any of the implantable electronic circuits shown in
FIGURES 1-5 could be used for the electronics assembly.

The pattern of elements comprising each of the conformal array transducers
and the boundary of each conformal array (top and bottom as shown in FIGURE 13),
define sinusoidal segments. The period of the sine wave from which these sinusoidal
segments are derived is approximately equal to the circumference of band 172.
Further, the amplitude of that sine wave generally depends on the desired beam angle
relative to the longitudinal axis of vessel 170. For the sinusoidal segment employed
for each electrode, the amplitude is defined by:

Amplitude=Dtan ©
Similarly, the amplitude of the sinusoidal segment defining the boundary of each
conformal array is defined by:
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Amplitude = D/(tan ©)

where O is equal to the angle between the longitudinal axis of the vessel and the
ultrasound beam axis and D is equal to the external diameter of the vessel.
Accordingly, it should be apparent that one sinusoidal template could be used to
draw all of the transducer elements and a second sinusoidal template (differing
only in amplitude from the first) could be used to draw the boundary of each
conformal array transducer. The transducer elements are displaced or spaced apart
from one another as required to achieve the phase relationship described above in
connection with FIGURE 11. In addition, the actual physical electrode pattern
and placement of the elements on band 172 can be determined by finding
intersection loci between band 172 as wrapped around vessel 170 and
equally-spaced planes. The spacing between these planes is defined by the
equation noted above for the projected spacing.

Conductors 180 that connect transducer elements of the same phase differ by
90°. There are two ways to achieve the 90° phase variation between the ultrasonic
waves produced by successive electrodes in the conformal array. In the first approach,
a uniformly polarized piezoelectric plastic substrate is used and every fourth element is
connected together, producing four groups of elements or electrodes that produce
ultrasonic waves having phasal relationships of 0°, 90°, 180°, and 270°, respectively.
Alternatively, a zone polarized piezoelectric plastic substrate could be used and every
other element can be connected together (as shown in FIGURE 13). Each of these two
groups is then connected to provide an in phase and a quadrature phase transceiving
system, so that ultrasonic waves are produced by the elements having a relative phase
relationship of 0° and 90°. In the first approach, a multi-layer interconnect pattern is
required to connect to all traces for each of the transducer elements in the four groups.
In addition, a more complex four-phase electronic driving system that includes a phase
shifter is required. Specifically, the signal applied to each of the four groups must
differ by 90° between successive elements to achieve the 0°,90°, 180°,
and 270° driving signals. The phase shifter, e.g., included in the modulator that drives
the transducer, provides the phase shifted excitation signals applied to each successive
element of the transducer.

In the second approach, which is preferred because it simplifies the electronic
package required and because it facilitates use of a simpler, double-sided electrode
pattern, the piezoelectric plastic material must be locally polarized in a specific
direction, depending upon the desired phase of the electrode at that location. A
polarity reversal provides a 180° phase shift, eliminating the need for 180° and 270°
electronic signals. Thus, the zones of the substrate designated as 0 and 90° would be
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connected to the signal source with the poles of the elements in one direction, while
zones for elements designated to provide a relative phase shift of 180° and 270° would
be connected with the poles of the elements in the opposite direction. Elements
producing ultrasonic waves with a relative phase relationship of 0° and 180° would
comprise one group, and elements producing ultrasonic waves with a relative phase
relationship of 90° and 270° would comprise a second group. Connecting the poles of
the different groups in local regions in opposite directions is achieved by applying
electric fields of opposite polarity in those areas during manufacture of the conformal
array transducer. The final element wiring pattern required to actually energize the
conformal array transducer when it is employed for monitoring flow and/or velocity of
fluid through the vessel would preclude applying electric fields in opposite polarity.
Accordingly, the required polarity relationship would have to be performed using
either temporary electrodes or by providing temporary breaks in the actual electrode
pattern employed in the final conformal array transducer.

In the preferred embodiment, to achieve a desired frequency of operation, it is
contemplated that the electrode mass would be increased to a point well beyond that
required for making electrical connections. This added mass would act together with
the piezoelectric plastic material to form a physically resonant system at a desired
frequency. In this manner, a relatively thinner and more flexible piezoelectric plastic
material can be used for the substrate comprising band 172. Use of mass loading in
this manner is well known to those of ordinary skill in the art of transducer design, at
least in connection with producing large, single element, piston transducers.

The conformal array transducers can be formed on band 172, but
alternatively, can be included within the structure of an artificial cardiac valve, as
discussed below. FIGURE 14 illustrates a portion of a cross-sectional view of the
conformal array transducer fabricated on band 172. The entire transducer
assembly is covered with an outer coating 190 made from a biocompatible
material that serves as a barrier to protect the conformal array transducer from
bodily fluids. Below the outer coating is an RF shield 192, comprising electrically
conductive flexible material or a thin foil that provides RF shielding to minimize
EMI radiated from the conformal array transducer assembly. An acoustic
backing 194 comprising a conventional, or a syntactic foam, i.e., a polymer loaded
with hollow microspheres, such as is well known to those of ordinary skill in the
art, serves both for acoustic isolation and dampening and to minimize capacitive
loading. The acoustic backing has a relatively low dielectric constant, thereby
minimizing capacitive loading between the electrodes and surrounding tissue.
Acoustic backing 194 thus insulates the transducer elements from the surrounding
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fluid and tissue in a capacitive sense, and also in an acoustic sense. The next layer
radially closer to the longitudinal center of the vessel comprises a rear
electrode 196. A front electrode 200 is spaced apart from the rear electrode by a
piezoelectric plastic layer 198. As noted above, in the preferred embodiment
illustrated in FIGURES 11-13, piezoelectric plastic layer 198 comprises band 172.
Piezoelectric layer 198 (or band 172) has a relatively low dielectric constant, e.g.,
from about six to eight) compared to tissue (approximately 80).

Rear electrode 196 and front electrode 200 preferably comprise multi-layer
structures (although separate layers are not shown). For example, the electrodes will
include a metallic layer, such as titanium, that bonds well to the piezoelectric plastic
material, followed by a highly conductive layer, such as copper, followed by an
oxidation resistant layer, such as gold. Such multi-layer systems are well known in the
field of electronic interconnects and are ideally suited for use as electrodes in the
conformal array transducer. Preferably, front electrode 200 is the “common electrode”
for the transducer elements and serves as an RF shield. A front coating 202 serves as
an acoustic coupling between the conformal array transducer and the vessel about
which it is applied. In addition, the front coating layer serves as a biocompatible layer,
providing a barrier to fluid ingress into the conformal array transducer. The transducer
assembly comprising each of the layers disclosed above is wrapped around and in
contact with a vessel wall 203 as shown in FIGURE 14.

Referring now to FIGURE 15, an embodiment of the conformal transducer
array fabricated as an integral component of a wall of an artificial cardiac valve is
illustrated (only a portion of a cross section showing the plurality of layers
comprising the device is illustrated). An artificial cardiac valve material 204
provides the primary structure for the valve support and is adapted to be sutured
into a patient’s heart, replacing a natural cardiac valve, as explained below.
Typically, the valve support material is characterized by a moderate attenuation of
ultrasonic signals. Below support material 204 is disposed outer coating 190
comprising a biocompatible material that protects the transducer elements, and
other components of the transducer system from bodily fluids. Below outer
coating 190 is disposed RF shield 192, to minimize transmission of EMI outside
the patient’s body. Acoustic backing 194 is disposed between RF shield 192 and
rear electrode 196, and as described above, is a relatiVely lossy material.
Piezoelectric material 198 couples rear electrode 196 and front electrode 200 and
comprises one of the flexible piezoelectric plastics noted above.  Front
coating 202 is applied to the inner surface of the transducer assembly and is
selected for its biocompatibility, to withstand exposure to bodily fluids.
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In both the conformal array transducer assembly provided in band 172 (as
shown in FIGURES 11-13) and the transducer assembly included within the
structure of the artificial cardiac valve support, as illustrated in FIGURE 135, it is
contemplated that adhesive layers (not shown) may be used between the various
layers. However, certain layers such as front and rear electrodes 200 and 196 will
likely need not be adhesively coupled to the piezoelectric material if
photolithographically formed on the material. Other layers may not require an
adhesive to couple to adjacent layers, e.g., if formed of a thermoset material that
self bonds to an adjacent layer when set.

As noted above, one of the advantages of the conformal array transducer is its
relatively low profile. In some cases, an artificial cardiac valve or a cuff for use around
a cardiac blood vessel to monitor flow therethrough may accommodate a relatively
thicker profile transducer assembly within it. An embodiment of a tilted element
transducer 210 is illustrated in FIGURE 16. Each element comprising tilted element
transducer 210 includes rear electrode 196 and front electrode 200 disposed on
opposite sides of piezoelectric material 198. Conventional prior art transducers for
producing an ultrasonic waves use a single such element that has a substantially
greater width that is too great for inclusion in the support of an artificial cardiac valve
or a cuff to monitor blood flow through a cardiac vessel. In contrast, tilted element
transducer 210 includes a plurality of elements like those shown in FIGURE 16 that
minimize the radial height (or thickness) of the transducer.

The tilted element transducer is built into the support for the artificial cardiac
valve or cuff, generally as shown in FIGURE 16 and includes coating 190, which
again serves the function of providing a biocompatible layer to protect the interior
portion of the device and the transducer components contained therein from exposure
to bodily fluids. Inside outer coating 190 is support material 204, which comprises the
overall structure of the device. RF shield 192 extends over the portion of the device in
which tilted element transducer array 210 is disposed within the protection provided
by coating 190. Below RF shield 192 is disposed acoustic backing 194.

An acoustic filler material 212 is disposed between front electrode 198 and
front coating 202, on the interior surface of the device, and is used to fill in the cavities
in front of the transducer elements. The acoustic filler material is characterized by a
relatively low ultrasonic attenuation, so that it readily conveys the ultrasonic waves
produced by the elements into the chamber of the heart adjacent to an artificial cardiac
valve provided with ultrasonic transducers or into the interior of a blood vessel about
which a cuff including 