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(57) Outil thérapeutique, tel qu'un cathéter, un
instrument pour chirurgie peu invasive ou un autre outil
chirurgical destiné¢ a étre introduit dans une cavité
cardiaque, orifice d’un organe ou un autre orifice de
l'organisme, et télémétrie axiale intégrée, 1’appareil
convenant particulierement a la revascularisation
transmyocardique au laser (RTL). A Dextrémité distale
de l’outil se trouve un capteur annulaire 4 ultrasons et
une structure connexe, positionné de manicre a
transmettre au tissu cardiovasculaire des signaux
ultrasonores, dans une large mesure alignés axialement
sur ’axe de D’outil thérapeutique, ledit capteur recevant
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(57) A treatment tool such as a catheter, MIS or
other surgical tool apparatus for placement within a heart
chamber, organ aperture or other body opening and axial
ranging therein, the apparatus particularly adapted for
laser-assisted percutaneous transmyocardial
revascularization (TMR). At the distal end of the tool is
an annular ultrasound transducer with associated
structure, positioned to transmit ultrasound signals
substantially axially aligned with the axis of the
treatment tool to the cardiovascular tissue, the transducer
further receiving returning signals from the
cardiovascular tissue to be treated. In a preferred
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en outre des signaux de retour du tissu cardiovasculaire a
traiter. Dans une réalisation de choix, le capteur
comprend un matériau de cristal piézoélectrique.
L’ensemble du capteur est relié¢ a ’extrémité distale de
Ioutil, de fagon qu'un dispositif de délivrance au laser
ou un autre dispositif fonctionnel puisse étre déploy¢ a
travers la lumiére de 1'outil et le capteur annulaire a
ultrasons. Dans une réalisation de choix, I'invention est
un dispositif modulaire a ultrasons pouvant étre raccordé
de fagon amovible 4 un cathéter orientable, un
instrument pour chirurgie peu invasive ou un autre outil
chirurgical. Le systeme comprend aussi une interface de
signalisation, qui se déploie du capteurs a ultrasons et de
la composante de traitement des signaux raccordée
pendant I’intervention a ’interface de signalisation pour
la détermination en temps réel d’au moins une surface
limite du tissu cardiovasculaire par rapport & une ou
plusieurs positions de D’extrémité distale de [’outil
thérapeutique. Est décrite une méthode de délivrance de
I’énergie laser aux tissus, la méthode comprenant les
étapes suivantes : positionnement de 1’embout de tir du
mécanisme de délivrance de 1’énergie laser adjacent a la
surface frontale du tissu, délivrance de 1’énergie laser au
tissu, transmission de [’énergie ultrasonore au tissu,
réception des signaux ultrasonores réfléchis par au moins
la surface arriere du tissu, et détermination de la distance
entre I’embout de tir du mécanisme de délivrance de
I’énergie laser et la surface arriere du tissu. Dans une
réalisation de choix, la méthode comprend la
détermination quantitative de la contractilit¢ ou du
mouvement du coeur qui bat, de facon que les
modifications dans la profondeur du tissu puissent servir
a controler la profondeur du canal ou d’autres parametres
de traitement. Le rétrolasage peut également étre obtenu
en pergant mécaniquement le tissu a une profondeur
déterminée, en se fondant sur les mesures de télémétrie
axiale, et en rentrant 1’outil thérapeutique tout en
délivrant simultanément 1’énergie laser qui en provient.
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embodiment, the transducer comprises a piezoelectric
crystal material. The transducer assembly is attached to
the distal tip of the tool such that a laser delivery means
or other functional device can be extended through the
lumen of the tool and the annular ultrasound transducer.
In a preferred embodiment, the invention is a modular
ultrasound device capable of being detachably attached
to a steerable catheter, MIS or other surgical tool
apparatus. The system also comprises a signal interface
extending from the ultrasound transducer and signal
processing component operatively connected to the
signal interface for real time determination of at least one
boundary surface of cardiovascular tissue relative to one
or more positions of the distal tip of the treatment tool. A
method of delivering laser energy to tissue is disclosed,
the method including the steps of positioning the firing
tip of a laser delivery means adjacent the front surface of
the tissue, delivering laser energy to the tissue,
transmitting ultrasound energy to the tissue, receiving
ultrasound signals reflected from at least the rear surface
of the tissue, and determining the distance between the
firing tip of the laser delivery means and the rear surface
of the tissue. In a preferred embodiment, the method
includes quantitative determination of the contractility or
motion of the beating heart, such that changes in the
depth of tissue can be used to control the channel depth
or other treatment parameters. Retrolasing can also be
achieved by mechanically piercing the tissue to a
determined depth based on axial ranging measurements,
and retracting the treatment tool while simultaneously
delivering laser energy therefrom.
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ABSTRACT

A treatment tool such as a catheter, MIS or other
surgical tool apparatus for placement within a heart
chamber, organ aperture or other body opening and axial
ranging therein, the apparatus particularly adapted for
laser-assisted percutaneous transmyocardial
revascularization (TMR). At the distal end of the tool is
an annular ultrasound transducer with associated structure,
positioned to transmit ultrasound signals substantially
axially aligned with the axis of the treatment tool to the
cardiovascular tissue, the transducer further receiving
returning signals from the cardiovascular tissue to be
treated. In a preferred embodiment, the transducer
comprises a piezoelectric crystal material. The transducer
assembly is attached to the distal tip of the tool such
that a laser delivery means or other functional device can
be extenced through the lumen of the tool and the annular
ultrasound transducer. In a preferred embodiment, the
inventiorn is a modular ultrasound device capable of being
detachably attached to a steerable catheter, MIS or other
surgical tool apparatus. The system also comprises a signal
interface extending from the ultrasound transducer and
signal processing component operatively connected to the
signal interface for real time determination of at least
one boundary surface of cardiovascular tissue relative to
one or more positions of the distal tip of the treatment

tool. A method of delivering laser energy to tissue 1is
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disclosed, ﬁhe method including the steps of positioning
the firing tip of a laser delivery means adjacent the front
surface of the tissue, delivering laser energy to the
tissue, transmitting ultrasound energy to the tissue,
receiving ultrasound signals reflected from at least the
rear surface of the tissue, and determining the distance
between the firing tip of the laser delivery means and the
rear surface of the tissue. In a preferred embodiment, the
method includes quantitative determination of the
contractility or motion of the beating heart, such that
changes in the depth of tissue can be used to control the
channel depth or other treatment parameters. Retrolasing
can also be achieved by mechanically piercing the tissue to
a determined depth based on axial ranging measurements, and
retracting the treatment tool while simultaneously

delivering laser energy therefrom.
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ULTRASOUND DEVICE FOR AXIAL RANGING

FIELD OF THE .INVENTION

The present invention relates generally to catheters,
MIS and other surgical tools for therapeutic apblications.
More particularly, the invention relates to a catheter, MIS
or other surgical tool fitted with an ultrasound transducer
that makes it particularly suited for determining the depth
of dynamic tissue in beating heart laser-assisted
transmyocardial revascularization (TMR), but not limited to
such arplication. As the ultrasound transducer is fired, an
acoustic wave is generated and a signal is reflected back
to the transducer from anatomical structures, thus
providing information on the position of the catheter, MIS
or other surgical tool in relation to the anatomical

structure.

BACKGROUND OF THE INVENTION

Transmyocardial Revascularization

In the treatment of heart disease, one method of
improving myocardial blood supply is called transmyocardial
revascularization (TMR), the creation of channels in the
myocardium of the heart. The procedure using needles in a
form of surgical “myocardial acupuncture” has been used
clinically since the 1960s. Deckelbaum. L.I.,

Cardiovascular Applications of Laser Technology, Lasers in
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Surgery and Medicine 15:315-341 (1994). The technique
relieves ischemia by allowing blood to pass from the
ventricle through the channels either directly into other
vessels communicating with the channels or into myocardial
sinusoids which connect to the myocardial microcirculation.
Numerous surgical TMR studies have been performed,
including early studies using needles to perform myocardial
acupuncture, or boring, to mechanically displace and/or
remove tissue. Such studies have involved surgically
exposing the heart and sequentially inserting needles to
form a number of channels through the epicardium,
myocardium, and endocardium to allow blood from the
ventricle to perfuse the channels. The early studies using
needles showed that the newly created channels were subject
to acute thrombosis followed by organization and fibrosis
of clots resulting in channel closure. Interest in TMR
using needles waned with the knowledge that such channels
did not remain open. However, interest in TMR procedures
recurred with the advent of medical lasers used to create
TMR channels. Histological evidence of patent, endothelium-
lined tracts within laser-created channels shows that the
lumen of laser channels can become hemocompatible and
resists occlusion. Additionally, recent histological
evidence shows probable new vessel formation adjacent

collagen occluded transmyocardial channels, thereby
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suggesting benefits from TMR with or without the formation
of channels which remain patent.

Surgical TMR procedures using laser energy have been
described in the prior art. U.S. Patent No. 4,658,817
issued Apr. 21, 1987 to Hardy teaches a method and
apparatus for surgical TMR using a CO, laser connected to an
articulated arm having a handpiece attached thereto. The
handpiece emits laser energy from a single aperture and is
moved around the epicardial surface of the heart to create
the desired number of channels. U.S. Patent No. 5,380,316
issued Jan. 10, 1995 to Aita et al. purports to teach the
use of a flexible lasing apparatus which is inserted into
the open chest cavity in a surgical procedure. A lens at
the distal end of the flexible apparatus is used to focus
laser energy, and the apparatus is moved about the
epicardial surface of the heart to create the desired
number of channels.

Since TMR involves creating channels through the
endocardium into the lower left chamber of the heart, it is
also desirable to create TMR channels percutaneously, i.e.,
by extending a catheter apparatus through the vasculature
into the ventricle and creating the channels through
endocardial surfaces and into myocardium. Performing such
percutaneous TMR is desirable for a number of reasons.
Percutaneous catheter procedures are typically less

traumatic to the patient compared to surgical procedures.



10

15

20

25

CA 02236958 1998-05-06

-4 -
Adhesicns between the pericardial sac and epicardium are
eliminated. Percutaneous TMR with a catheter apparatus also
offers an alternative solution to persons who are not
candidates for surgical procedures.

TMR procedures generally involve creating a plurality
of channels within the myocardium. In performing the
procedure, particularly percutaneously, it is desirable to
have information relating to the depth of channels created,
placement of the channels relative to the heart walls and
wall thickness of the beating heart. None of the TMR or
atherosclerosis devices described above or elsewhere

provide such information.

Ultrascund

Ultrasound systems are widely used in medical
applications. Sound waves above the frequency normally
detectable by the human ear, that is, about 16 to 20 kHz
are referred to as ultrasonic waves.

U.S. Patent No. 4,576,177 issued Mar. 18, 1986 to
Webster, Jr. teaches a catheter for removing
arteriosclerotic plaque. The apparatus comprises a catheter
having an optical fiber for transmitting laser energy and
an ultrasound transducer. One embodiment of the device is
operated in two different modes - a pulse-echo mode and a
pulsed-Doppler mode. In the pulse-echo mode an electrical

impulse delivered to the transducer transmits an ultrasound
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pulse, returning echoes thereof causing electrical
“signature” signals. In the pulsed-Doppler mode, ultrasonic
echoes from tone bursts generated in response to electrical
bursts transmitted to the ultrasound transducer are used to
determine the blood flow velocity at two selected distances
from the catheter tip. The tissue signature and the change
in blocd flow velocity are used to determine the presence
of occlusions in blood vessels.

U.S. Patent No. 4,658,827 issued Apr. 21, 1987 to He
et al teaches an ultrasound scanner for tissue
characterization. A method and system are disclosed for
simultaneously obtaining accurate estimates of the
attenuation coefficient of the tissue and an index
descriking the hetercgeneity of the scatterers within the
tissue. According to the invention, there is provided a
method and apparatus for tissue characterization by
transmitting ultrasound energy into the sample tissue, and
receiving and processing return echo signals.

U.S. Patent No. 4,672,963 issued Jun. 16, 1987 to
Barken teaches an apparetus and method for computer
controlled laser surgery using an ultrasound imaging
system.. The position of the laser energy delivery device
is monitored with an ultrasound probe. The probe, in
conjunction with a computer system, provides a multiplicity
of cross-section images of the portion of body tissue

within the range of emitted destructive radiation.
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U.S. Patent No. 5,109,859 issued May 5, 1992 to
Jenkins teaches an ultrasound guided laser angioplasty
system. This system is also directed to the application of
removal of atherosclerotic plaque from coronary arteries of
patients with heart disease. A probe with a phased-array
ultrascund transducer will produce images of vascular
tissue acquired in a plane that is 30° forward of the tip of
the catheter to prevent vascular perforation. As above, the
catheter provides primarily lateral imaging.

U.S. Patent No. 5,158,085 issued Oct. 27, 1992 to
Belikan et al. teaches a lithotripsy ultrasound locating
device using both a locating and a therapy transducer in a
fixed relationship. One or more locating ultrasound
transducers, each axially rotatable and extendable,
generate a signal representing the distaﬁce between the
locating transducer and the focus of the second transducer,
used to transmit therapeutic amounts of ultrasound for
fragmentation of a concretion. The locating transducers
have two or more crystal rings, thus having two or more
focal ranges, and operate according to annular phased-array
principles.

U.S. Patent No. 5,213,950 issued may 24, 1994 to
Ishikawa et al. teaches another ultrasound probe. A rotor
moves and/or rotates a piezoelectric transducer and/or a
reflector and is driven by a stator outside the object

under examination. Both forward as well as lateral firing
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of ultrasound is taught for obtaining sectional views.
However, such rotating mirror technology is distinctly
different from the ranging application disclosed herein.

U.S. Patent No. 5,350,377 issued Sep. 27, 1994 to
Winstor et al. teaches a medical catheter using optical
fibers that transmit both laser energy and ultrasocund
imaging signals. An external transducer couples to the
optical fibers and pulse echoes are received and
transmitted back to the transducer along the same optical
fibers. Visualization is limited to images as to the
configuration, location and character of the tissue in the
area of atherosclerotic plaques.

As is evident by a review of the ultrasound imaging
prior art, including the foregoing, catheters and other
tools for TMR having axial ranging capability, in the sense
of determination of the distance from the tip of the firing
laser celivery means at a first wall of the heart to a
second wall of the heart are virtually unknown.
Determination of tissue depth viewed in a forward
direction, such as in myocardial tissue for forming TMR
channels, would be highly advantageous so as to prevent
unwanted perforation of a heart wall and/or to form

channels of selected depths.

ADVANTAGES AND SUMMARY OF THE INVENTION
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Thus, it is an advantage of the present invention to
provide a catheter, MIS or other surgical tool apparatus
and method of use for percutaneous and other surgical
procedures, including percutaneous, MIS and surgical TMR,
or any stimulation procedure, which overcomes the
limitations of the prior art.

It is another advantage of the present invention to
provide such an apparatus with an ultrasound guidance
system to provide visualization, depth determination, in
particular tool tip-to-tissue wall distance in tissue for
controlled treatment as desired, in particular to prevent
perforation of epicardial tissue in percutaneous TMR.

An additional advantage of the present invention
allows determination/visualization of the spatial dynamics
of the tissue of a beating heart, i.e., one in which the
wall depth is constantly changing.

It is a further advantage of the present invention to
provide such an apparatus wherein the ultrasound guidance
system is small, compact and durable, and either integral
with the tip of the tool or modular, interchangeable and

replaceable.

Yet a further advantage of the present invention is to

provide such an apparatus for percutaneous, MIS or other
surgical placement within a heart chamber, organ aperture
or other body opening, the apparatus having at least one

central lumen extending along at least part of the length
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of the tool for guiding a laser delivery means or other
functional device to selected surfaces of the heart
chamber, organ aperture or other body opening for laser or
other treatment thereon, particularly adapted for laser-
assisted transmyocardial revascularization (TMR).

Or.e more advantage of the present invention is to
provide such ultrasound apparatus with ranging
visualization means enabling visualization of piercing of a
heart wall, advancement of the piercing tip to a selected
depth within myocardium, confirmation of such depth , and
controlled, visualized withdrawal of the firing tip during
laser activation for TMR.

In summary, the present invention is a catheter, MIS
or other surgical tool apparatus for placement within a
heart chamber, organ aperture or other body opening. The
apparatus has at least one lumen extending at least
partially through the tool for guiding a laser delivery
means or other functional device to selected surfaces of a
heart chamber, organ aperture or other body cavity for
laser or other treatment thereon, and is particularly
adapted for laser-assisted percutaneous transmyocardial
revascularization (TMR).

At the distal end of the tool are an ultrasound
transducer and associated structure. In a preferred
embodiment, the transducer comprises piezoelectric crystal

material. The transducer assembly is attached to the distal
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tip of the tool such that a laser delivery means or other
functional device can be extended through the lumen of the
tool adjacent the distally mounted ultrasound transducer.

In a preferred embodiment, the invention is a modular
catheter, MIS or other surgical tool ultrasound guidance
system capable of being assembled and operated, as desired,
in combination with, but not limited to, a steerable
catheter, MIS or other surgical tool apparatus with a
deflectable end portion, a modular fiber advance handpiece
unit, and other functional devices including fiber advance
depth control mechanism, visualization means, drug delivery
apparatus, etc.

Fcr percutaneous TMR, the catheter is modular and is
designed to be placed into the vasculature of the patient
and steered therethrough until the distal tip is adjacent a
selected portion of tissue, such as on an endocardial
surface within the left ventricle.

Electrical excitation of the piezoelectric crystal
will cause ultrasound waves to propagate therefrom in a
forward direction. Returning echoes produced by either
anatomical or catheter structures are detected by the
transducer and converted to electrical signals. These
signals can be correlated with the distance from the
transducer to a laser delivery means, to a surface to be
penetrated by a laser delivery means, and to an opposing

surface generally perperdicular to the site of initiation
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of the TMR channel. Additionally, the changes in myocardial
wall thickness of the beating heart can be detected based
on detection of signals propagating from the epicardial
and/or endocardial surface of the heart while expanded and
while contracted. Thus, the distal tip of a laser delivery
means, such as an optical fiber or fiber bundle or other
functicnal device, can be extended into moving myocardium
from an endocardial surface a selected, controlled distance
and undesired perforation of the epicardium can be avoided.

The methods and apparatus of the present invention are
suitable and intended for use not only percutaneously with
any catheter tools but for use with any other MIS and other
surgical tools, laser handpieces, other laser delivery
systems, etc.

Numerous other advantages and features of the present
invention will become readily apparent from the following
detailed description of the invention and the embodiments
thereof, from the claims and from the accompanying

drawings.

BRIEF DESCRIPTION OF THE DRAWINGS
FIG. 1 is a representative section view of a preferred
embodiment of an ultrasound guidance system 100 of the
present invention.
FIG. 2 is a representative section view of a preferred

embodiment of a modular ultrasound catheter, MIS or other
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surgical tool transducer 200 for an ultrasound guidance
system of the present invention.

FIG. 3 is a representative detail section view of a
piezoelectric crystal 104 of an ultrasound guidance system
of the present invention.

FIG. 4 is a representative electrical schematic RF
module block diagram of a preferred embodiment of an
ultrascund guidance system of the present invention.

FIG. 5 is a representative A-mode scan display in
juxtapcsition with a representation with a method of use of
a preferred embodiment of an ultrasound guidance system of
the present invention.

FIGS. 6A and 6B are representative isometric and
section views of the distal end and steering means of a
preferred embodiment of an ultrasound guidance system of
the present invention.

FIG. 7 is a representative drawing of a preferred
method of use of a preferred embodiment of the present
invention.

FIG. 8 shows a comparison between the wall thickness

or channel depth at 90° or other angulation.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT

Preferred Apparatus
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It will be understood that while numerous preferred
embodiments of the present invention are presented herein,
numerous of the individual elements and functional aspects
of the embodiments are similar. Therefore, it will be
understood that structural elements of the numerous
apparatus disclosed herein having similar or identical
functicn will have like reference numerals associated
therewith.

FIG. 1 is a representative section view of a preferred
embodiment of an ultrasound guidance system 100 of the
present invention. It will be understood that the drawing
is representative and exemplary only, and such ultrasound
ranging apparatus can be part of any treatment tool,
interventional device, catheter, any MIS or other surgical
tool, laser handpiece, or other laser delivery system.

At the distal end of the treatment tool the distal tip
102 comprises an ultrasound transducer and associated
structure. In the embodiment shown, the transducer
comprises a generally flat annulus shaped piezoelectric
crystal 104. A thin gold trace 106 or other layer of
electrically conductive material covers the crystal 104. An
outer acrylic matching layer 110 over the gold trace 106
protects and insulates the gold trace 106 and is designed
to optimize acoustic efficiency. The gold trace forms an

electrically conductive layer around the crystal 104 and is
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electrically connected to a coaxial cable 112 which extends
through conductive rubber backing material 114.

A polymeric housing 116 in the shape of a cup holds
the rukber backing material 114, piezoelectric crystal or
other ultrasound transducer 104 with gold trace 106 and
acrylic matching layer 110, with the coaxial cable 112
extending therefrom. It will be understood that the coaxial
cable 112 is but one possible signal interface which
couples signals sent to and received from the ultrasound
transducer 104 with a signal processing component. The
entire assembly is coupled to the distal tip 102 of the
tool 100, such that a laser delivery means 120 or other
functional device can be extended through a central lumen
122 of tool 100 and through a generally circular opening
124 in the annulus shaped ultrasound crystal 104.

It will be understood that the material of
construction as well as the shape of the ultrasound crystal
can be changed and that the generally flat annulus shaped
piezoelectric crystal 104 is but one of the preferred
embodiments. Numerous types of ultrasound transducer
materials are known, and the class of materials known as
piezoelectrics are but cone. Likewise, different shaped
crystals are known and readily available, the different
shapes having different signal propagating and receiving
characteristics. As an example but not to limit the scope

of the present invention, the transducer element may have a
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slightly parabolic shape. Furthermore, a single transducer
element can be divided into sections or replaced with a
plurality of transducer elements, optionally configured in
an array such as a phased array or other. Such
configurations comprising more than one transducer element
will have associated electrical couplings, drivers, etc.

The term axial ranging refers to the manner in which
the ultrasound signals are emitted from the device. The
main axis 400 of each of the embodiments is shown. Thus,
ultrascund signals are emitted in the general direction G
as shown throughout, and signals returning in an opposing
direction are detected by the ultrasound assembly.

FIG. 2 is a representative section view of a preferred
embodiment of a modular catheter, MIS or other surgical
tool ultrasound transducer 150 for an ultrasound guidance
system of the present invention. As in the prior
embodiment, a matching layer 110 covers a gold trace 106. A
coaxial cable 112 is used to deliver electrical current to
the crystal 104 for excitation as well as to receive
current signals produced by acoustic pulses received by the
crystal 104. Additionally, a mounting face 130 with a
mounting flange 132 provides a means for coupling the
modular ultrasound transducer 150, forward looking in the
present configuration, to the distal end of a conventional
or other type catheter, MIS or other surgical tool. It will

be understood by those known in the art that such coupling
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means includes, and is not limited to, bayonet and other
gquick connect mounts, screw on or snap on couplings, etc.

Thus, in the preferred embodiment, the invention is a
modular ultrasound guidance system capable of being
assembled and operated, as desired, in combination with,
but not limited to, a conventional catheter apparatus, a
steerable catheter apparatus with a deflectable end
portion, an MIS or other surgical tool, a modular fiber
advance handpiece unit, and other functional devices
including fiber advance depth control mechanism,
visualization means, drug delivery apparatus, etc.

FIG. 3 is a representative detail section view of the
ultrasound transducer assembly of the present invention.
The coaxial cable 112 is comprised of, from the inside out,
a conductor wire 160, an insulation layer 162, a shielding
layer interface 164 and an outer Jjacket 166. The stripped
central conductor 160 is inserted through housing 116 into
backing material 114 below the crystal 104 and the backing
material 114 ma by, and preferably is, conductive. The
upper surface 140, lower surface 146 and outer peripheral
edge 142 of the transducer crystal 104 are coated with
sputtered metal gold trace 106 and the shielding layer

interface 164 touches the sputtered metal gold trace 106.

It will be understood that the gold layer 106 can be
applied in any conventional way, preferably by sputtering,

vapor deposition, etc. The shielding layer interface 164
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and the central conductor 160 can be electrically connected
to the respective gold trace 106 and backing material 114
using simple contact technology, conventional solder,
silver or indium epoxy, etc. Thus, applying a voltage
across the piezoelectric crystal 104 will excite the
crystal and create an acoustic wave. Upon reflection of the
wave off an anatomical surface, the acoustic echo will
return to the crystal 104 and create a small signal which
can be detected and amplified. It will be understood that
the transmitter and receiver combination may be a
conventional design and/or may be a single, combined
module.

FIG. 4 is a representative electrical schematic RF
module block diagram of a preferred embodiment of an
ultrasound guidance system of the present invention.
Excitation of the ultrasound transducer 200 of the present
invention is caused by input signal 202. Input signal 202
is switched to the ultrasound transducer 200 through
transmit and receive (T/R) switch 204. The transducer 200
emits a signal in response to every input signal 202.
Signals 206 from transducer 200 and echoes are converted to
signals which are switched through T/R switch 204 to pre-
amplifier 208. Filtering of the amplified signals 210 by
bandpass filter 212 and further processing and
amplification of the filtered signals 214 by variable gain

amplifier 216 produce selected amplified signals 218
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representing depth of structure, such as myocardium, which
can be further processed as desired.

As shown, such selected amplified signals 218 can be
received by RF,,, buffer 220 for recording the information,
etc. A video detector sufficient to cover the range of
possible frequencies used in the ultrasound system, such as
between about 5 and 20 mHz and more preferably about 15
mHz, provides a signal used to create an A-mode scan for
viewing on display 260. It will be understood that the
display means 260 can be an oscilloscope, computer monitor,
or can be input to a computer and stored. It will further
be understood that software processing of emitted pulse
data and echo data to calculate signal delay, for
determination of depth to a tissue boundary surface, or
depth of myocardium from wall to wall, can be achieved
using various or custom software.

FIG. 5 is a representative A-mode scan display 260 in
juxtaposition with a representation of the method of use of
a preferred embodiment cf a percutaneous catheter
ultrasound guidance system of the present invention for
TMR, discussed further below. It will also be understood
that FIG. 5 refers to an ultrasound ranging device
comprising a catheter fcr percutaneous surgery, and the
application is TMR from inside the left ventricle into

myocardium.
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FIGS. 6A and 6B are representative isometric and
section views of the distal end and steering means of a
preferred embodiment of a TMR catheter ultrasound guidance
system 300 of the present invention. As in the prior
embodirents, a matching layer 110, gold trace 106,
transducer crystal 104, backing 114, coaxial cable 112 and
housing 116 are assembled together. Mounting face 130
couples to the distal tip 302 of catheter 300. It will be
understood by those known in the art that such coupling
means includes, and is not limited to, bayonet and other
quick connect mounts, screw on or press fit/snap on
couplings, etc.

The catheter 300 is steerable and has steering means
as described herein. A central catheter tube 302 terminates
in the distal tip 302. A spiral spring member 304 made of a
radiopaque material adds visibility to the bend radius of
the apraratus and enhances steerability of the apparatus
300. A flat planar, rigid shim 306 couples between the
distal tip 302 of the catheter 300 and an intermediate
sleeve 308. A pull cable 310 alsoc attaches to the distal
tip 302 opposite the annular opening 312 through the distal
tip 302 so as to act upon the distal tip 302 and cause
deflection of the shim 306 as desired to steer the distal
tip 302 to selected regions or surfaces. An outer jacket
314 protects the catheter assembly 300. Embodiments of the

steerable catheter apparatus of the present invention
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without the ultrasound guidance system are described in co-
pending Canadian application filed 2 April 1998 and
assigned serial number (not yer known)..

With regard to the coaxial cable 112, by utilizing
cabling of about 0.0075" diameter, as currently available
and manufactured by companies such as Temp-Flex Cable,
Inc., located in Graften, Massachusetts, a reduction in the
size limitations and an increase in the working channel
spaces of the catheter apparatus shown or other catheter
and/or surgical devices is possible.

Additionally, the ultrasound device may be used with
curved or pre-bent catheters for delivery of a single
optical fiber with or without a lens device for
operatively, selectively and/or controllably directing

laser energy.

Preferred Methodology
It is well understood that the time for return of an

echo from a distance d is given by the following equation:

t:2£
\%

S
where V, is the velocity of longitudinal sound waves, i.e.,
approximately 1540 m/s in myocardial tissue. Therefore,
algorithms for generating the A trace consist of detecting

the envelope of the received RF signal. These algorithms
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are kncwn in the areas of echo ranging with ultrasound and
radar. In a preferred embodiment, the analytic magnitude is
used, which consists of computing the Fourier transform,
taking the real part of the result, and computing the
inverse Fourier transform. If the original echo signal is
called f(t), then the amplitude A(t) is computed according

to the following equation:

A(t) = [ etz R, {[ e f(t) dt} dz

This algorithm is implemented, in the preferred embodiment,
in a computer using the fast Fourier transform, well known
to those skilled in the art.

Referring again to FIG. 5 as well as to FIG. 7,
forward viewing distance 262 is shown on the X-axis and the
amplitude of the reflected or echo signal 264 is plotted
on the Y-axis. Distance 262 is also correlated with time
263. A first strong amplitude peak 266 is associated with
the endocardial surface 265, such surface alsc referred to

herein as a boundary surface of tissue. When the transducer

assembly (which will be understobd to include, at least,
the transducer crystal 104, the gold trace 106, the
batching layer 110, the backing material 114, the coaxial
cable 112 and the housing 116) of the distal tip 118 of the

catheter apparatus 100 of the present invention is firmly
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in contact with an endocardial surface 265 (not shown in
FIG. 5), such surface 265 will be visualized by initial
amplitude peak 266. As the laser delivery means 120 is
fired, ablation of tissue occurs, and the distal tip 267 of
the laser delivery means 120 can be moved forward into the
tissue. Continued ablation creates a channel 272 (see FIG.
7) into which the distal tip 267 of the laser delivery
means 120 advances for continued channel 272 creation.
Thus, a second highly observable amplitude peak 268 on the
ultrasound A-mode scan display 260 is formed by the echo
returning from the end of the channel 269, and the distal
tip 267 of laser delivery means 120, within myocardium.
This second peak 268 will be observed to move from left to
right, as shown by directional arrow A, as laser ablation
and TMR channel 272 formation occurs.

An additicnal peak 270 is observable at the right side
of the display 260. As the ultrasound wave propagates
through the tissue, an additional returning echo signal
will indicate a structural interface or tissue boundary
surface at the position which correlates with the distance
to the back wall of the penetrated structure 271, i.e., in
this case, the epicardial surface 271 of the heart.
However, as 1s well known, the contractions of the beating
heart will tend to cause the wall of the heart to contract

in direction B, as well as expand in the opposite
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direction, thereby causing the wall peak 270 to move in
direction C. Thus, an additional wall peak 270a will be
observable, which will be a transient peak moving between
the positions indicated for peaks 270 and 270a. Thus, as
shown, the distance D can be correlated with the length of
the channel 272 and the distance E can be correlated with
the distance moved by the epicardial surface 271 during
contraction of the heart muscle. Therefore, it will be
understood that distance F will be correlated with the
amount of remaining myocardial tissue between the end of
the TMR channel 269 and the epicardial surface 271. This
information regarding remaining depth of tissue is vital to
the cardiclogist in performing TMR. With regard to
percutaneous TMR, by controllably forming TMR channels
initiating at an endocardial surface, perforation of the
epicardium can be avoided.

The ranging device of the present invention will be
usefully operated at frequencies between about 500 Hz and
about 10 KHz. Such frequencies will be fast enough to allow
real-time display of the thickening and thinning of the
heart wall brought about as a result of the changes between
the systole and diastole components of the beating heart
cycle.

FIG. 8 shows a comparison between the wall thickness
or channel depth at 90° or other angulation. Another feature

of the present invention, which will require additional
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calculations to be performed by the signal processing means
software or logic, is the ability to confirm perpendicular
or other angle wall penetration by the laser delivery means
or other interventional device. It will be understood, that
if the distance H is greater than the distance I, the
distance I being the perpendicular distance from the tip
267 of the laser delivery means 120 to some other
anatomical structure interface and the distance H being the
distance in a non-perpendicular direction of laser delivery
means 120', to the same anatomical structure interface. In
other words, when the distance H is greater than the
distance I, the angle of penetration of the laser delivery
means 120 or other interventional device will be other than
90°.

Referring to FIG. 7, another modality of operation of
the present invention is referred to as “retrolasing”. In
retrolasing, the catheter, MIS or other surgical device
preferably has a piercing tip. In the context of
percutaneous TMR in the left ventricle, retrolasing is
accomplished by inserting the distal tip 267 of the laser
delivery means 120 through a mechanically formed
perforation in the epicardium 265. The'distal tip 267 is
advanced a selected distance D into myocardium and the
location of the distal tip 267 is confirmed using the
ultrasound ranging apparatus of the present invention, such

as by visualization on an oscilloscope, computer monitor or
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other display means, as shown in FIG. 5. Once the tip 267
is placed where desired and the placement confirmed on the
ranging display means, laser delivery can commence, firing
the laser will initiate creation of a TMR channel 272 and
the firing tip 267 is retracted simultaneously with viewing
and continued delivery of laser energy. Additionally, the
laser can be configured to automatically fire only upon
confirmation of a threshold depth measurement setting,
taking into account the fluctuating wall thickness due to
the contractions of the heart. Not only will this enable
retrolasing starting at an initial depth of penetration
into myocardium, as confirmed by computer software or
logic, but it will also confirm normal heart function,
i.e., keating of the heart.

As another method for confirming and/or controlling
specific heart function, “pacing” of the heart has been
descriked. When pacing the heart with an external pulse
generator during a TMR procedure, there is often no
positive confirmation that the heart has beat properly or
even at all. Therefore, this positive confirmation of heart
function, albeit compromised or otherwise imperfect, may be
accomplished by using the ultrasound ranging aevice and
methods described herein to detect the heart beat. The
ultrasound device could monitor the measured thickness of
the myocardium and determine when a change has occurred.

The change in thickness of myocardium can be correlated
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with ccntraction and/or expansion of the heart. This signal
indicating that the heart has beat could be used such that
the TMR laser would not fire unless and until this signal
is received. Such pacing of the heart is more fully
descriked in co-pending Canadian Application Serial No.
2,228,584 filed 2 February 1998 entitled REVASCULARIZATION
WITH LASER BURSTS AND REVASCULARIZATION WITH HEARTBEAT
VERIFICATION.

Therefore, when a device or method in which a pre-set
number of laser pulses, such as a burst of 5 pulses, is
used to create the TMR channels, that pre-set number of
pulses can be automatically reduced when heart wall
thicknesses are reduced to below a predetermined threshold,
such as 5 millimeters. This heart wall thickness
measurement can be made in essentially real time by the
axial ranging devices and methods of the present invention.

By the present disclosure, it will be apparent to
those skilled in the art that audible or visual alarms may
be incorporated into the apparatus of the present
invention. Audible or visual alarms will give the
cardiologist advance notice of achievement of threshold TMR
channel depth penetration. Such alarms can also be
integrated with mechanical as well as electronic interlock
systems for the laser, thereby enhancing efficacy and
safety of the apparatus and methods described herein. Thus,

the apparatus of the present invention may also be
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configured to include means to automatically stop fiber
advance based on the calculated or otherwise determined
axial distance of the firing tip of the laser delivery
means from the back wall. Such means includes, but is not
limited to mechanically or electronically controlled
interlock with feedback loop, electrophysiology signal,
etc. The present invention will assist the cardiologist in
visualizing the tip of the catheter or surgical tool and
the distal tip of the laser delivery means, as well as the
endocardial wall, in a percutaneous, intra-ventricle
procedure, so that identification of contact between the
distal tip of the tool or laser delivery means and the
heart surface can be made. Such contact identification will
allow the operator or cardiologist to avoid applying
excessive force upon the heart, and thus avoid excessive
arrhythmagenic forces thereby.

The present invention is intended for use with any
medical laser. In particular, the Holmium or excimer laser
is particularly suited to the present invention. However,
any suitable laser source, pulsed or otherwise, could
provide laser energy to the laser delivery means of the
present invention for performing the method of the present
invention. Furthermore, other interventional systems, in
addition to lasers, which are included within the scope of
the present invention include ultrasound, other radio

frequencies or mechanical intervention. Based on the
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disclosure herein, control of these types of interventional
modalities will be known to those skilled in the art.

Likewise, the catheter and surgical equipment,
including laser delivery means, referred to in the present
document as well as that known and used in medicine and
other disciplines today and in the future, will be included
in the scope of this disclosure. Such laser delivery means
include, but are not limited to, individual optical fibers,
fibers or fiber bundles with lens tips as well as bundles
of fibers with and without piercing tips and with or
without firing tips, fiber ends having shaped or contoured
end faces for selectively diverging the laser beam or other
laser energy diverging means, rods, mirrors configurations
and other laser delivery means with and without focusing
lens and the like. It will also be understood that the
apparatus and method of the present invention as described
herein including the novel combination or use with of any
conventional mechanism or method which are known to those
skilled in the art, are included within the scope of this
invention. Furthermore, with regard to non-laser TMR, a
cannula or trocar assembly may be extended into the tissue
of the left ventricle, with or without use of a mechanical
piercing tool.

It will further be understood that while the present
invention has been described for performing TMR on

endocardial surfaces in the left ventricle, the apparatus



10

15

20

25

CA 02236958 1998-05-06

- 29 =
and methods described herein are equally intended for use
in any suitable procedure, including but not limited to
procedures where any device need be extended through a
guide catheter to a given surface on a given structure and
extended into the structure a selected and controlled
distance, for any medical procedures including laser
treatment, tissue or organ visualization, biopsy, etc.
“Stimulation”, for example, is performed by using laser
energy to create zones or pockets, optionally
interconnected at least initially by small channels ablated
through the tissue, for the introduction of blood born
growth and healing factors and stimulated capillary growth
surrounding the lased zones or pockets to create an
increased supply of oxygen to the tissue and thus a
revitalization of the heart muscle. Methods and apparatus
for causing stimulation are more fully described in co-
pending Canadian Patent Application Serial No. 2,207,570
filed June 11, 1997.

While the principles of the invention have been made
clear in illustrative embodiments, there will be
immediately obvious to those skilled in the art many
modifications of structure, arrangement, proportions, the
elements, materials, and components used in the practice of
the invention, and otherwise, which are particularly
adapted to specific environments and operative requirements

without departing from those principles. The appended
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claims are intended to cover and embrace any and all such
modifications, with the limits only of the true spirit and

scope of the invention.
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We claim:

1. A device for treatment of cardiovascular tissue
comprising:

a treatment tool for insertion into a human, the tool
defining an axis and a distal tip;

an ultrasound transducer located at a distal tip of the
treatment tool and positioned to transmit ultrasound
signals substantially axially aligned with the axis
of the treatment tool to the cardiovascular tissue,
the transducer further receiving returning signals
from the cardiovascular tissue to be treated;

a signal interface extending from the ultrasound
transducer; and

signal processing component operatively connected to the
signal interface for real time determination of at
least one boundary surface of cardiovascular tissue
relative to one cr more positions of the distal tip

of the treatment tool.

2. The device of Claim 1 further comprising a
catheter having at least one lumen for guiding

the treatment tool.

3. The device of Claim 2 wherein the catheter is
sized and configured for insertion through the

vasculature of the human.
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The device of Claim 1 further comprising an MIS
tool having at least one lumen for guiding the

treatment tool.

The device of Claim 1 further comprising a
surgical handpiece having at least one lumen for

insertion of the treatment tool therethrough.

The device of Claim 1 wherein the treatment tool

comprises a laser delivery means.

The device of Claim 6 further comprising a source

of laser energy.

The device of Claim 6 wherein the laser delivery

means is an optical fiber.

The device of Claim 6 wherein the laser delivery

means is a bundle of optical fibers.

The device of Claim 7 in which the source of

laser energy is a holmium laser.

The device of Claim 7 in which the source of

laser energy is an excimer laser.
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The device of Claim 7 in which the source of

laser energy is a CO, laser.

The device of Claim 13 wherein the treatment tool
is a mechanical cutting tool suitable for

performing myccardial revascularization.

The device of Claim 1 wherein the ultrasound
transducer is essentially annular and defines a

generally central aperture therethrough.

The device of Claim 1 wherein the treatment tool
comprises a curved, pre-shaped catheter with a
lumen extending therethrough, the treatment tool
further comprising an optical fiber laser

delivery means with a beam directing lens.

The device of Claim 1 further comprising a
deflectable, steerable catheter comprising a
modular handle at a proximal end and a
deflectable tip at a distal end, the modular
handle comprising at least a deflection component
and a connector for attaching other components;
the distal end having an outer jacket extending
therefrom to at least a distal portion of the

modular handle and a center tube attached to the
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distal tip and extending inside the outer jacket
to terminate within the modular handle, the
center tube having a proximal end free floating
within the modular handle; the steerable catheter
further comprising a deflection mechanism
extending between the distal tip and the

deflection component.

17. The device of claim 1 wherein the ultrasound

transducer comprises a pilezoelectric crystal.

18. The device of claim 1 wherein the ultrasound
transducer comprises a plurality of individual ultrasound

transducer elements.

19. The device of Claim 1 further comprising a

display means.

20. The device of Claim 1 further comprising an
attachment means for detachably coupling the ultrasound

transducer to the device.

21. The device of Claim 1 further comprising an alarm
for signaling a preselected proximity between the treatment

tool and tissue boundary surface.
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22. The device of Claim 1 further comprising
interlock means for deactivating the treatment tool upon
determination by the signal processing component of a
preselected proximity between the treatment tool and tissue

boundary surface.

23. A method for determining the thickness of dynamic
tissue by measuring the distance between a generally fixed
point and a moving wall, the method comprising the
following steps:

(A) placing an ultrasound probe in a selected
position;

(B) delivering ultrasound energy into the
tissue;

(C) receiving reflected ultrasound signals from
the moving wall; and

(D) processing the reflected signals to
correlate with the dynamic positions of the

moving wall,
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24, The method of claim 23 in which the tissue is
myocardium and the moving wall is a surface of the heart in
motion due to contractions of the heart, the method further
comprising the following step:

(E) determining the changes in depth of tissue

between the myocardium and the moving

surface.

25. The method of claim 23 in which the tissue is
myocardium and the moving wall is a surface of the heart in
motion due to contractions of the heart, the method further
comprising the following step:

(F) determining the contractility of the
myocardium by determining the changes in
depth of tissue between the myocardium and

the moving surface.

26. The method of claim 30 further comprising the
following step:
(G) initiating delivery of laser energy into
the myocardium subsequent to making the

depth determination of step (E).
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26. Use of the device of claim 1, 2, 2, 3, 4,
5 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 1le¢, 17, 18, 19, 20,

21 or 22 for the treatment of cardiovascular tissue.
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