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(57) Abstract

An apparatus and method of intraoperative myocardial revascularization of the myocardium of the heart of a patient. A catheter
apparatus comprising an elongated catheter, an elongated laser wave guide slidably disposed within a lumen of the catheter, and an
ultrasonic transducer secured to the distal end of the elongated laser wave guide, is inserted into the patient. The distal end of the leasing
apparatus is guided to the portion of the patient’s heart wall in which channels will be formed, and the ultrasonic transducer is activated
to create brief pulses of ultrasonic energy. The transducer receives a returned ultrasonic echo from the heart wall. The ultrasonic echo is
processed by signal processing elements. The processed ultrasonic echoes are displayed to show the distance between the epicardial and
endocardial surfaces of the portion of the heart wall in which the revascularization energy is to be discharged, and the distance between the
operative distal end of the myocardial revascularization device and such endocardial and epicardial surfaces. After distance measurements
have been performed, channels are formed in the heart wall.
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APPARATUS AND METHOD OF MYOCARDIAL REVASCULARIZATION
USING ULTRASONIC PULSE-ECHO DISTANCE RANGING

BACKGROUND OF THE INVENTION

The invention relates to the field of medical devices, and more particularly

to an apparatus and method for measuring the distance between the operative
distal end of a myocardial revascularization device and the endocardial and
epicardial surfaces of the heart wall of a patient.

In the treatment of cardiovascular disease, transmyocardial
revascularization (TMR) is a well known technique in which channels are
formed in a patient’s heart wall to supply blood flow to the ischemic heart
tissue and to treat angina. The channels extend through the heart wall
muscular surface, or myocardium, located between the epicardium and
endocardium of the heart wall. In laser transmyocardial revascularization
(LMR), a laser is used to form one or more channels in a patient’s heart wall
defining the heart chamber. The laser energy is typically transmitted from the
laser to the heart tissue by an optical fiber, with a lens on the distal end of the
optical fiber operatively engaging the heart tissue to be revascularized. Other
energy systems, such as electrodes, may be used for myocardial
revascularization.

Initial revascularization procedures required the chest wall to be
opened for insertion of the revascularization device and penetration of the
entire heart wall to form a channel through the myocardium into the
endocardium. Copending application, Serial No. 08/368,409, filed on

December 30, 1994 which is incorporated herein in its entirety, describes an
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intravascular system for percutaneous transmyocardial revascularization
(PTMR) which eliminates the need of the prior procedures for opening the
chest cavity and penetrating the entire heart wall. The PTMR system is
introduced into a peripheral artery and advanced through the patient’s arterial
system into the left ventricle of the patient’s heart, from where the
revascularization channels are formed through the endocardium and into the
myocardium.

Transmyocardial revascularization requires accurate measurement of
the thickness of the patient's heart wall, in order for the procedure to be
performed with maximum safety and effectiveness. Establishing the thickness
of the heart wall at the location where TMR energy is to be discharged
decreases the likelihood of injury to the patient from transmural perforation,
and allows the physician to precisely control the channel formation by
controlling of the depth of penetration of the discharged energy. TMR also
requires establishing the distance between the operative distal end of a TMR
device and the heart wall surface to determine when activation of the TMR
device will effectively form channels within the patient’s heart wall. Intimate
contact between the operative distal end of the TMR device and the patient’s
heart tissue is Anecessary to provide sufficient transmission of the channel
forming energy to the heart wall. Ranging information regarding the TMR
device is therefore necessary to determine when contact between the TMR
device and the heart wall surface has been achieved.

One of the difficulties with currently used PTMR devices has been the

inability to accurate measurement of the thickness of the patient’s heart wall
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at the precise location where TMR channels are to be formed. Information
regarding wall thickness is currently obtained through echocardiographic

analysis that may be performed either before or during the TMR procedure.

. However, methods of measuring heart wall thickness, such as transthoracic

or transesophogeal echocardiography, only provide information for a small
sample of locations on the heart wall and do not provide information
regarding the precise location in which the TMR channels are to be formed.

Current methods used in TMR for determining contact with the heart
wall have proven inadequate. In typical TMR devises, the physician
determines the point at which the operative distal end has contacted the
endocardium by observation 6f a fluoroscopic image of the optical assembly.
However, fluoroscopic imaging requires a substantial amount of fluoroscopy
time, and therefore exposes the patient to a large amount of radiation.
Alternatively, the physician may infer contact from the observation of ectopic
beats on the electrocardiogram, or from the observation of a reciprocating
motion in the PTMR device produced when the device is in contact with the
endocardial surface. However, these methods increase the expertise
required to perform the procedure, and often provide ambiguous information.

What has been needed is the ability to reliably measure the thickness
of the heart wall to be revascularized, and the distance between the operative
distal tip of a PTMR device and the heart wall surface, in order to precisely
control the channels formed in the patient’s heart wall during PTMR. The
invention satisfies these and other needs.

SUMMARY OF THE INVENTION
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The invention is directed to an apparatus and method of
transmyocardial revascularization utilizing pulsed echo ultrasonic ranging.
Specifically, the ultrasonic ranging provides information on the thickness of
the heart wall in the precise location in which the revascularization energy is
to be discharged, and the distance separating the operative distal end of the
revascularization device from the heart wall.

The catheter apparatus of the invention generally has an elongated
laser wave guide with an ultrasonic transducer on a distal end of the wave
guide. The catheter apparatus also includes an elongated catheter having
p}roximal and distal ends and a lumen therein which slidably receives the
elongated laser wave guide.

The present invention comprises a method of intraoperative
myocardial revascularization of the myocardium of the heart of a patient. A
catheter apparatus comprising an elongated catheter, an elongated laser
wave guide slidably disposed within a lumen of the catheter, and an
ultrasonic transducer secured to the distal end of the elongated laser wave
guide, is inserted into the patient. The distal end of the lasing apparatus is
guided to the portion of the patient’s heart wall in which channels will be
formed, and the ultrasonic transducer is activated to create brief pulses of
ultrasonic energy. The transducer receives a returned ultrasonic echo from
the heart wall. The ultrasonic echo is used to measure the distances
between the distal end of the elongated laser wave guide and the endocardial
and epicardial surfaces of the desired portion of the wall of the patient’s

heart. After distance measurements have been performed, channels are
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formed in the heart wall. The distal end of the Iasrer wave guide is maintained
against the desired portion of the heart wall while transmitting laser energy
from a remote laser source through the laser wave guide and out the distal
end thereof in a beam onto the heart wall with sufficient energy and for a
sufficient time to form a channel through the wall of the patient’s heart.

When the ultrasonic transducer is activated to create brief pulses of
ultrasonic energy, an echo of the pulses from the heart wall returns to the
transducer. The transducer receives a first returned ultrasonic echo from the
surface of the heart wall closest to the transducer, and a second returned
ultrasonic echo from the furthermost surface of the heart wall. For example,
in PTMR when the TMR device is within a chamber of the patient’s heart, the
distal end of the TMR device is positioned directly adjacent to the endocardial
surface which lines the inside of the heart chamber. Because the endocardial
surface is the heart wall surface closest to the ultrasonic transducer, the first
returned ultrasonic echo is from the endocardial surface. A second ultrasonic
echo is returned from the epicardial surface on the outer side of the heart wall
furthermost from the distal end of the TMR device. Therefore, the position of
the distal end of the TMR device relative to the endocardial surface is
indicated by the first ultrasonic echo, and the position relative to the epicardial
surface is indicated by the second ultrasonic echo.

In accordance with the invention, the ultrasonic transducer is used to
measure the distances between the distal end of the elongated laser wave
guide and the endocardial and epicardial surfaces of the portion of the wall of

the patient’s heart in which the revascularization energy is to be discharged.
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Measurement of such distances allows for a deterrmination of the thickness of
the heart wall to be revascularized, and whether the operative distal tip of a
PTMR device is in contact with the heart wall surface.

The ultrasonic echo is processed by signal processing elements. The
processed ultrasonic echoes are displayed to show the distance between the
epicardial and endocardial surfaces of the portion of the heart wall in which
the revascularization energy is to be discharged, and the distance between
the operative distal end of the myocardial revascularization device and such
endocardial and epicardial surfaces.

The apparatus and method of the invention provides for improved
transmyocardial revascularization by allowing more precise control over the
channel formation. Measurement and display of the distances between the
operative distal end of the TMR device and the endocardial and epicardial
surfaces greatly reduces the risk of transmural perforation. Moreover,
because the thickness of the heart wall is known, the physician is able to
control the channel formation by selecting the depth of penetration of the
lasing energy. Additionally, because the position of the distal end of the TMR
device relative to the heart wall is known, the premature discharge of lasing
energy before the operative distal end of the TMR device has contacted the
heart wall is eliminated. These and other advantages of the invention will
become more apparent from the following detailed description of the

invention and the accompanying exemplary drawings.



WO 98/38916 PCT/US98/04569
o 7

BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1 is an enlarged longitudinal cross sectional view of a catheter
apparatus which embodies features of the invention.

Fig. 2 is a transverse cross sectional view of the catheter apparatus

5 shownin Fig. 1 taken along the lines 2-2.

Fig. 3 is a longitudinal cross sectional view of a human heart with a
transmyocardial revaséularization catheter apparatus therein.

Fig. 4 is illustrates a display console which embodies features of the
invention.

10

DETAILED DESCRIPTION OF THE INVENTION

As shown in Fig. 1, the catheter apparatus 10 of the invention suitable
for performing myocardial revascularization on a desired portion of a wall of
the patient’s heart generally includes a distal end 11, an elongated catheter

15 12 having proximal 13 and distal 14 ends and a lumen 16 therein, and an
elongated laser wave guide 17 having proximal 18 and distal 19 ends and
being slidably disposed within the lumen of the elongated catheter 11. An
ultrasonic transducer 20 secured to the distal end 19 of the elongated laser
wave guide 17 emits bursts of ultrasonic energy. In the embodiment

20 illustrated in Fig. 1, the ultrasonic transducer 20 is mounted on a side of the
laser wave guide 17. Fig. 2 illustrates a cross section of the catheter
apparatus shown in Fig. 1, taken along lines 2-2.

An apparatus suitable for implementing the method of myocardial

revascularization of the present invention is embodied in the apparatus
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illustrated in Fig. 1. Fig. 3 illustrates a TMR device positioned within a heart
chamber. Referring to Figs. 1 and 3, the method of the present invention
comprises providing a catheter apparatus 10 suitable for performing
myocardial revascularization. As illustrated in Fig. 3, the patient’s heart 21
includes a portion 22 at which a myocardial revascularization channel 23 is to
be formed in the wall 24 of the heart, said wall comprising an endocardial
surface 26, a myocardium 27, and an epicardial surface 28. The distal end
11 of the apparatus 10 is guided within the patient to the desired portion 22 of
the heart wall 24 through which a channel 23 is to be formed. The ultrasonic
transducer is then activated to create a pulse of ultrasonic energy. An
ultrasonic echo retrieved by the uitrasonic transducer is monitored to
measure distances between the distal end 19 of the elongated laser wave
guide 17 and the endocardial 26 and epicardial 28 surfaces of the desired
portion 22 of the wall 24 of the patient’s heart 21.

In one aspect of the invention, fine wire leads 30 operably connect the
ultrasonic transducer 20 to signal processing elements 32 located externally
to the laser wave guide 17. fhe fine wire leads 30 may be contained within
the lumen 16 of the elongated catheter or within a catheter wall defining the
lumen 16. The fine wire leads 30 connect to a suitable cable 31 on the
proximal end of the catheter 12 which connects to the signal processing
elements 32 and a display console 33. The signal processing elements 32
process the ultrasonic echo for display ofvdistances measured thereby. The
signal processing elements 32 generate and amplify an ultrasonic pulse

emitted from the ultrasonic transducer 20, and amplify and process for
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display the echo signal received by the transducerr 20. Typical puise echo
techniques are used to create a clock driven pulse generator and to
demodulate and amplify the returned echo signal.

Fig. 4 illustrates a display console 33 for displaying the processes
echo signal. The display console 33 indicates the distance between the
distal end 19 of the laser wave guide 17 and the endocardial surface 26, as
well as the thickness of the myocardium 27 directly in front of the laser wave
guide distal end 19. The display console 33 may be a cathode ray tube
(CRT) monitor, a liquid crystal display (LCD) screen, or other similar suitable
devices. In the embodiment illustrated in Fig. 4, the display console 33 has a
permanently imprinted representation of the distal end 19 of the laser wave
guide 17. Displayed on the console are two dashed lines; the lower line 36
represents the location of the endocardial surface as determined by the initial
echo of the uitrasonic pulse during a PTMR procedure, and the upper line 37
represents the location of the epicardial surface 28 as determined by the
second echo. A scale 38 is shown on the display console 33 to provide
distance measurements. However, other suitable display systems exist,
including a linear series of Iiéht emitting diodes (LEDs) or LCD segments
displaying the positions of the endocardial 26 and epicardial 28 surfaces
relative to the laser wave guide 17 distal end 19 (not shown).

In one aspect of the invention, the frequency of the ultrasonic
transducer 20 is selected to provide a desired depth of penetration into the
wall 24 of the patient’s heart 21. In one embodiment, the frequency of the

ultrasonic transducer 20 is about 2 to about 9 MHz. The catheter apparatus
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10 components are chosen so that the desired frerquency coincides with the
resonant frequency of the ultrasonic transducer 20.

In a presently preferred embodiment, the ultrasonic transducer 20 is a
piezoelectric crystal, such as lead zirconium titanate (PZT) transducers.
However, one skilled in the art will recognize that many suitable transducers
exists. In the embodiment illustrated in Figs. 1 and 2, the ultrasonic
transducer 20 is a rectangular shape. However, alternatively shaped
transducers are also suitable, including an annular transducer positioned
coaxially around the distal end 19 of the laser wave guide 17 (not shown).
Mechanical mounting of the transducer is performed in such a way as to
provide moderate acoustic damping behind the ultrasonic transducer 20 and
efficient acoustic coupling in front of the transducer. The ultrasonic
transducer 20 may be mounted on the laser wave guide 17 using suitable
materials, such a conductive epoxies (not shown), and coatings (not shown),
such as polystyrene, may be applied to the transducer 20.

While the present invention has been described herein in terms of
certain preferred embodiments, modifications and improvements may be

made to the invention without departing from the scope thereof.

PCT/US98/04569
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WHAT IS CLAIMED IS:

1. A catheter apparatus suitable for performing myocardial
revascularization on a desired portion of a wall of a patient’s heart,
comprising:

a) an elongated catheter having proximal and distal
ends and a lumen therein;

b) an elongated laser wave guide having proximal and
distal ends slidably disposed within the lumen of the elongated
catheter; and

c) an ultrasonic transducer secured to the distal end of
the elongated laser wave guide for measuring distances between
the distal end of the elongated laser wave guide and the
endocardial and epicardial surfaces of the desired portion of the

wall of the patient’s heart.

2. The catheter apparatus of claim 1 wherein the ultrasonic transducer is a

piezoelectric crystal.

3. The catheter apparatus of claim 1 wherein fine wire leads
operably attached to the ultrasonic transducer connect the ultrasonic

transducer to external signal processing elements.

4. The catheter apparatus of claim 1 wherein the ultrasonic

transducer operates at a frequency of about 2 to about 9 MHz.

5. A method of forming a channel in a desired portion of a wall of a

patient’s heart, comprising the steps of:
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a) providing a catheter apparatus having a distal end,
comprising an elongated catheter having proximal and distal ends and
a lumen therein; an elongated laser wave guide having proximal and
distal ends slidably disposed within the lumen of the elongated
catheter; and an ultrasonic transducer secured to the distal end of the
elongated laser wave guide for measuring distances between the
distal end of the elongated laser wave guide and the endocardial and
epicardial surfaces of the desired portion of the wall of the patient’s
heart;

b) guiding the distal end of the catheter apparatus within the
patient to the desired portion of the patient’'s heart wall through which a
channel is to be formed; and

c) activating the ultrasonic transducer to create pulses of ultrasonic energy;

d) receiving an ultrasonic echo from the heart wall at the ultrasonic
transducer,

e) monitoring the ultrasonic echo to measure the distances between the
distal end of the elongated laser wave guide and the endocardial and epicardial
surfaces of the desired portion of the wall of the patient’s heart; and

e) maintaining the distal end of the laser wave guide
against the desired portion of the heart wall while transmitting laser
energy from a remote laser source through the laser wave guide and
out the distal end thereof in a beam onto the heart wall with sufficient
energy and for a sufficient time to form a channel through the wall of

the patient’s heart.
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6. The method of claim 5 further including the step of processing
the ultrasonic echo using signal processing elements operably connected to

the ultrasonic transducer.

7. The method of claim 6 further including the step of displaying the
ultrasonic echo to show the distance between the epicardial and endocardial
surfaces of the portion of the heart wall, and the distance between the distal
end of the elongated laser wave guide and such endocardial and epicardial

surfaces.

8. The method of claim 5 wherein a frequency of the ultrasonic
transducer is selected to provide a desired depth of penetration into the wall

of the patient’s heart.

9. The method of claim 5 wherein the frequency of the ultrasonic

transducer is about 2 to about 9 MHz.

10. A method of measuring a distance between a distal end of a
catheter apparatus suitable for performing myocardial revascularization and
an endocardial surface and epicardial surface of a portion of a patient’s heart
wall in which myocardial revascularization channels are to be formed,
comprising creating pulses of ultrasonic energy from an ultrasonic transducer
secured to a distal end of the apparatus, receiving ultrasonic echoes from the
heart wall, determining .from the ultrasonic echoes the distance between the
distal end of the apparatus and the endocardial and epicardial surfaces of the

portion of the heart wall.
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11.  The method of claim 10 wherein a frequency of the ultrasonic
transducer is selected to provide a desired depth of penetration into the wall

of the patient’s heart.

12. The method of claim 11 wherein the frequency of the ultrasonic

transducer is about 2 to about 9 MHz.

13.  The method of claim 10 further including the step of processing
the ultrasonic echoes using signal processing elements operably connected

to the ultrasonic transducer.

14.  The method of claim 10 further including the step of displaying
the ultrasonic echoes to show the distance between the epicardial and
endocardial surfaces of the portion of the heart wall, and the distance
between the distal end of the catheter apparatus and such endocardial and

epicardial surfaces.

SUBSTITUTE SHEET (RULE 26)
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