
Insert title of invention.

Insert full name(s) and address(es) 
of declarant(s) being the appli
cant^) or person(s) authorized to 
sign on behalf of an applicant 
company.

Cross out whichever of paragraphs 
1(a) or 1(b) does not apply

1(a) relates to application made 
by individual(s)
1(b) relates to application made 
by company; insert name of

• applicant company.
• · ·
• · ·

■
• · £·οβ· out whichever of paragraphs

* 2(a) or 2(b) does not apply
• · · ·
2{a) relates to application made

• · inventor(s)
relates to application made

• · 4>y cpmpany(s) or person(s) who
are not inventor(s); insert full

• · a»ma(s) and address(es) of inven»
• tors.·

COMMONWEALTH OF AUSTRALIA
PATENTS ACT 1952

DECLARATION IN SUPPORT OF CONVENTION OR 
NON-CONVENTION APPLICATION FOR A PATENT

In support of the Application made for a patent for an invention

entitled: ULTRASONIC IMAGING ARRAY AND BALLOON CATHETER ASSEMBLY

Paul J. Zalesky, President, of 
INTERTHERAPY INC.
(A Delaware Corporation)
West 17th Street, Suite D
Costa Mesa, California 92627 USA

do solemnly and sincerely declare as follows :-

or(b) I am authorized by

InterTherapy Inc.

the applicant................ for the patent to make this declaration on

2. (a)

1. Janes M. GRIFFITH
2. Mario MACIEL
3. Joseph L. POPE
4. Walter L. HENRY
5. Paul J. ZALESKY

see over page for addresses

• · · ·

• · · ·
• · ·

• · ·

• 9 · «
• · fitate manner in which applicant(s) 

derive title from inventor(s)

the actual inventor.s.......... of the invention and the facts upon which the applicant..............

entitled to make the application are as follows : —
Xif

Assignee of Inventors whereby the actual 
inventors have assigned the invention to the 
said applicant.

• · ·
• · ·

• · Λνί out paragraphs 3 and 4
• for fion-convention applications. 

For convention applications, 
insert basic country(s) followed 
by date(s) and basic applicant(s).

3. The basic application.............. as defined by Section 141 of the Act made

in .....USA........................................................ on the ....26.t.h...o.f..May... 19.87...........................
by .the...inventors,·..- JamesjM....GRIFFITH.,......Mario.-MACIEL..................
H... Joseph....L.... POPE....................MKHK .Walter.nL/ HENRY......................
by.. .Paul-r; J’.e. ZALESKY-.................................................................................
in..................  on the.................................................................................

by...................................................................................................................................................................................

Insert place and date of signature.

Signature of declarant(s) (no 
aftbstetion required)

Note- Initial oil alterations.

4. The basic application........... referred to in paragraph 3 of this Declaration

the first application........... made in a Convention country in respect of the invention the subject
of the application. <

Declared at Costa Mesa, CA this day of /tf tt

INTE

Paul J. Zalesky, Pres(iuent

DAVIES & COLLISON, MELBOURNE and CANBERRA.

Walter.nL/


I Λ

1. 2262 Enell Street,
Idaho Falls, Idaho. 834202

2. PO Box 812,
Phelan, California. 92311

3. 1755 Shermigton Place, #W109 
Newport Beach, California. 92663

4. 31897 Circle Drive
South Laguna, California. 92677

5. 10171 Thesens Drive, 
Huntington Beach, California. 92647

all of United States of America

0



(12) PATENT ABRIDGMENT (11) Document No. AU-B-19419/88 
(19) AUSTRALIAN PATENT OFFICE (10) Acceptance No. 599818

(54) Title
ULTRASONIC IMAGING ARRAY AND BALLOON CATHETER ASSEMBLY

International Patent Classification(s)
(51)4 A61M 025/00 G01S 015/89

(21) Application No. : 19419/88 (22) Application Date : 18.05.88

(87) WIPO Number: W088/09150

(30) Priority Data

(31) Number (32) Date (33) Country
053692 26.05.87 US UNITED STATES OF AMERICA

(43) Publication Date : 21.12.88

(44) Publication Date of Accepted Application : 26.07.90

(71) Applicant(s)
INTER THERAPY, INC.

(72) Inventor(s)
JAMES M. GRIFFITH; MARIO MACIEL; JOSEPH L. POPE; WALTER L. HENRY; PAUL J. 
ZALESKY

(74) Attorney or Agent
DAVIES & COLLISON, MELBOURNE

(56) Prior Art Documents
US 4665925
US 3817089
US 4446395

(57) Claim

1. An ultra-thin electroacoustic transducer having an 

overall thickness less than .0075 inch and comprising:

an active piezoelectric layer having a thickness of 

approximately one-fourth wavelength at an intended acoustic 

operating frequency and having an acoustic impedance Z·^;

a backing layer affixed to a first face of said 
piezoelectric layer, said backing layer having an acoustic 

impedance Z2 which is greater than Z^;

a faceplate layer affixed to a second, opposite, face 
of said piezoelectric layer, said faceplate layer having a 

thickness of approximately one-fourth wavelength at said 

operating frequency and having an acoustic impedance Z3 

which is approximately the geometric mean of Z^ and the 

expected ambient acoustic impedance during use; and

electrical lead means for making electrical connections

to said first and second faces of the piezoelectric layer.
2
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ιό. An electroacoustic transducer array subassembly for 

mounting about a catheter sized to pass through human blood 

vessels, said subassembly comprising:

a carriage structure having a generally cylindrical 

configuration and including means defining (i) a plurality 

of circumferentially spaced-apart wall apertures and (ii) an 
axially extending through aperture which is sized and 

configured to fit over at least a portion of said catheter; 

and
plural electroacoustic transducers each of which 

includes a backing layer having a portion which extends into 

a respective said defined wall aperture and is affixed 

therewithin by means of a cured adhesive material, wherein

each said electroacoustic transducer is an ultra-thin 

transducer having an overall thickness less than 0.0075 inch 

and comprises:
(a) an active piezoelectric layer having a thickness 

of approximately one-fourth wavelength at an intended 

acoustic operating frequency and having an acoustic 

impedance Z^;
(b) a backing layer affixed to a first face of said 

piezoelectric layer, said backing layer having an acoustic, 

impedance Z2 which is greater than Zp

(c) a faceplate layer affixed to a second, opposite, 

face of said piezoelectric layer, said faceplate layer 
having a thickness of approximately one-fourth wavelength at 

said operating frequency and having an acoustic impedance Z3 

which is approximately the geometric mean of Z^ and an 
ambient acoustic impedance during use; and

(d) electrical lead means for making electrical 

connections to 3aid first and second faces of the 

piezoelectric layer.
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(54) Title: ULTRASONIC IMAGING ARRAY AND BALLOON CATHETER ASSEMBLY

(57) Abstract

An array (66) of miniature ultrasound crystals (70a-70d) is mounted on a preassembled subassembly which is, in 
turn, mounted on a small lumen catheter (54) provides dimensional and other quantitative information relating to arterial 
wall geometry and character at disease or obstruction sites. Balloons (68) also mounted to the catheter make it possible to 
use the catheter for the angioplasty (PCTA) procedure while actually imaging (84, 86), in real time, the artery being dilatat- 
ed and unblocked by the procedure. Efficient, highly miniature transducers are presented along with several different con
figurations for catheter structures containing fluid lumen, through-lumen (166), and electrical microcable assemblies (72a- 
72d) for conducting electrical signals to and from the transducers.



WO 88/09150
♦

PCT/US88/01603

1

•'ULTRASONIC IMAGING ARRAY AND BALLOON CATHETER 
ASSEMBLY’’

SPECIFICATION

This invention generally relates to ultrasound 

imaging of blood vessel geometry and associated 

tissue character. More particularly, the present 

invention relates to an ultra-thin acoustic 

transducer and to an angioplasty balloon catheter 

using an arrayed subassembly of same for providing an 
ultrasound imaging capability (e.g. for guiding the 

inflation, positioning and end point of the 

dilatation procedure). The catheter provides a 

coronary or peripheral angioplasty balloon device 

incorporating ultrasound technology for real-time 
intravascular imaging of blood vessels and arteries 

before, during and after an interventional 

angioplasty procedure.

Intravascular catheters which include ultrasound 

imaging crystal arrays have been proposed in the 
past. It is known to mount a piezoelectric crystal 

element on or within a catheter of the type which can 

be inserted into a blood vessel. Once the catheter 

has been inserted into a blood vessel, the crystal 

element is electrically excited to cause it to emit 

ultrasonic energy into the surrounding tissue. While 

much of the emitted energy is absorbed by the tissue,, 

some of the energy is reflected back toward the
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crystal element (with reflection occurring 

principally at interfaces between different types of 

materials, e.g., the interface between blood and the 

vascular wall, the interface between blood and 

lesions adhered to the vascular wall, etc.). The 

crystal element produces weak electrical signals in 

response to mechanical excitation by the returning 

reflected ("echo’') ultrasonic energy. These weak 

electrical signals can be used to determine the 

geometry and other characteristics of the blood 
vessel and lesions within the vessel.

Below is a non-exhaustive list of references

which are generally relevant in disclosing 

intravascular catheters (and other) ultrasound 

imaging systems :

"High. Speed Solution of 2nd Order Curves With 
Special Application to Planar Sections of Blood 
Vessels", Roy W. Martin, Computer Programs in 
Biomedicine, Vol. 13, (1981) pp. 45-60, 
Elsevier/North-Holland Biomedical Press.

"Applicability of Ultrasonic Tissue 
Characterization for Longitudinal Assessment and 
Diffentiation of Calcification and Fibrosis in 
Cardiomyopathy", Julio E. Perez, MD. et al, 
Journal of the American College of Cardiology, 
Vol. 4, No. 1, (July 1984), pp. 88-95.

"In Vitro and In Vivo Studies using a
4F Pulsed Doppler Velocimeter Catheter System,
W. F. Voyles et al, Lovelace Medical 
Foundation, University of New Mexico School of 

. Medicine and Baylor College of Medicine, ISA 
(1984), pp. 17-23.

"High Frequency Ultrasound Guidance of Laser 
Angioplasty", H. J. Geschwind et al, Abstract 
#1866, Circulation, Vol. 74, Supp II,
(Oct. 1986).
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"Ultrasonic Instrumentation for Cardiovascular 
Studies", C. J. Hartley et al; Baylor
College of Medicine, Grant #2 RO1 HL
22512-09, Devices and Technology Branch 
Contractor Meeting, (Dec. 8-10, 1986), pp. 65.

"Stroke Volume Measurement With an Ultrasonic 
Catheter Ty System", R. W. Martin et al 
Ultrasound in Medicine, Vol. 3, New York, 
(1977), pp. 23-29.

"Signal Enhancement For Automatic Application of 
Arterial Wall Echos From Cardiovascular
Scanner", R. W. Martin et al, Ultrasound in 
Medicine, Vol. 4, (New York, 1978), p. 431.

Anatomical and Pathological Aspects in 
Ultrasonic Endoscopy For GI Tract", Y.
Panaha et al, Scandinavian Journal 
Gastroenterol, Vol. 19, Supp. 94, (1984),
pp. 43-50.

"Coronary Atherosclerosis Causes Remodeling of 
Arterial Geometry: Demonstration by 
High-Frequency Epicardial Echocardiography", 
David D. McPherson et al, Abstract #1864, 
Circulation, Vol 74, Supp. II, (Oct.
1986).

N. Bom et al, An Ultrasonic Intercardiac 
Scanner, Ultrasonico (March 1972), pp. 
72-76. .

LanCee et al, "Construction of a Circular 
Ultrasonic Array With Miniature Elements for 
Cardiac Application", Proceedings of the 2d 
European Congress on Ultrasonics in Medicine, 
Munich, Germany (1 May 1985), pp. 49-53.

U.S. Pat. No. 3,542,014 - Peronneau (1970)
U.S. Pat. No. 3,938,502 - Bom (1976)
U.S. Pat. No . 4,319,580 - Colley et al (1982)
U.S. Pat. No . 4, 327,738 - Green et al (1982)
U.S. Pat. No. 4,462,408 - Silverstein et al (1984)
U.S. Pat. No. 4,576,177 - Webster Jr.
U.S. Pat. No. 4,432,692 -
U.S. Pat. No. 4,567,898 -
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The Geschwind et al paper describes a 

non-invasive (i.e., extra vascular) ultrasound 

system used to monitor echos from bubbles caused by 

tissue vaporization under the influence of laser 

angioplasty.

Hartley et al describes the use of a focused, 

unbacked (i.e., air-backed) submillimeter (e.g., 

0.5 x 1.0 millimeter) crystal operating at a 

frequency of about 20 MHz to produce close-range, 

high-resolution vascular imaging during the laser 
angioplasty procedure. This paper teaches mounting 

the air-backed crystal to the side of a rigid 

17-gauge needle, and rotating the needle manually 
to obtain a 360° image with a resolution approaching 

0.2 millimeters.

The Martin article appearing in Computer 

Programs in Biomedicine discloses a computer program 
which determines blood vessel areas rapidly in 

response to signals produced by an intravascular 

ultrasonic catheter.

Perez et al teach generating images of hamster 

hearts using broadband, focused piezoelectric 

ultrasound transducers acting as both transmitter and 

receiver.

Voyles et al discloses a 20 MHz transducer 

tipped catheter having a circular 1.0 millimeter 

PZT-5 crystal. The crystal is excited by a pulse 

repetition frequency of 62.5 KHz to provide blood 

velocity measurements within an artery.
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Colley et al discloses an esophageal catheter 

having ultrasonic transducers mounted within it for 

detecting air emboli in the blood of an incorporeal 

blood vessel.

Perroneaux uses a pair of opposingly 

disposed ultrasonic transducers on the circumference 

of a catheter (near to but spaced back from the 

distal end) for measuring the internal diameter of a 

cardiovascular cavity.

Bom is directed to a cardiovascular catheter 

having a circumferential array of at least four 

equidistantly distributed ultrasonic transducers 

located near the distal end of the catheter.

Silverstein et al discloses an ultrasonic 

endoscope having an elongated array of ultrasonic 

transducers mounted so as to permit the structure to 
remain flexible.

Ultrasonic cardiovascular catheters developed in 
the past have some significant drawbacks. The 

miniaturization of ultrasonic technology for medical 

intravascular applications raises significant 

technical problems which have not been solved in the 
past. For example, the reliability of intravascular 

ultrasound probes has been relatively poor, and 

fabrication is so difficult that manufacturing yields 

are extremely low (significantly raising the cost of 

such catheters).

Perhaps more importantly, past efforts have 
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failed to produce a practical intravascular 

interventional catheter. There is much room for 
further improvement of non-interventional 

(diagnostic) ultrasonic catheters. Although 

ultrasound catheters with no interventional 

capabilities can be very useful in providing 

diagnostic information to the physician, it would be 

still more useful to provide the physician with a 

real-time image of the portion of 'the blood vessel 

being exposed to an interventional procedure such 

as angioplasty while the procedure is being conducted.

Webster, Jr. '177 discloses an interventional 

catheter which includes a laser and an ultrasonic 
transducer. Ultrasound techniques utilizing 

catheter-mounted ultrasonic transducers locate 

arteriosclerotic plaque deposits which are then 

removed by laser irradiation. The value of being 

able to actually "watch" the section of blood vessel 
being affected by an interventional procedure such 
as laser irradiation of plaque cannot be 

underestimated. '

Intravascular dilatation using a balloon 

catheter (the so-called "coronary angioplasty" or 

"PCTA" procedure) has been found to be extremely 

effective in treating coronary conditions which were 

previously treatable only by coronary bypass 

surgery. See, for example, A. P. Gruentzig, 
"Transluminal Dilatation of Coronary --- Artery 

Stenosis", (Letter to the Editor) 1 Lancet, 263 

(1978) for a general discussion of the coronary 

angioplasty procedure. See also Reeder et al,
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"Coronary Angioplasty: 1986", 55 Modern Concepts of 

Cardiovascular Disease, No. 10, (Oct. 1986), pp. 

49-53, for a discussion of advantages and 

disadvantages of this procedure.

The conventional angioplasty ("PCTA") 

procedure is becoming more and more popular as an 

alternative to coronary bypass surgery. Briefly, to 

perform the "PCTA" dilatation procedure, the 

physician inserts a guidewire into the occluded (or 

otherwise diseased) vessel or artery. A contrast 

compound (for example, an indicator substance which 

emits radiation) is usually first injected into the 

patient's bloodstream so that fluoroscopy can be used 

to permit the physician to view the occluded vessel. 

Once the guidewire has reached the occluded section 
of the vessel or artery, a tubular catheter having a 

through-lumen is pushed down along the guidewire 

and guided by the guidewire to the area of blockage. 

(The "through-lumen" of the catheter is merely an 

enclosed passage which runs the length of the 
catheter tube and opens at the catheter distal end -- 

the through-lumen contains and encloses the 

guidewire.)

Inflatable balloons mounted near the catheter 
distal end are in fluid communication with another 

lumen (the "fluid lumen") within the tubular 

catheter. When fluoroscopy reveals that the 

catheter dista.1 end has reached the occluded section 

of the vessel, the physician inflates the catheter 

balloon (which typically has a well-defined maximum 

radial dimension so as to avoid possibly undire 
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radial stress on the blood vessel) by pumping 

pressurized saline solution down through the catheter 
fluid lumen.

·>

The inflating balloon dilates the blood vessel, 

causing the elastic'vascular wail to expand (actually 

"cracking" the vessel (to a controlled limited

b degree) and the lesions or deposits on the vascular
•i
i wall which form the stenosis) -- having the combined

effect of internal disruption, plaque fissuring, and 

stretching of the vessel wall. When the balloon is
J deflated (by pumping the saline solution back out of

ΐ the balloon through the fluid lumen), the effective

inside cross-sectional diameter of the blood vessel 

available for blood flow has been significantly 

increased and that section of vessel is thus 

unblocked. By repeating the dilatation procedure 

along the entire length of the blockage, essentially 

normal (or at least improved) blood flow rate through 
the blood vessel can be restored.

While fluoroscopy provides limited imaging of

the section of the blood vessel undergoing 

dilatation, the effectiveness of the angioplasty 

procedure can be significantly increased (and the

' dangers associated with coronary angioplasty can be

significantly decreased) if more detailed real-time 

images can be made available to the cardiologist. 

For example, the ability to accurately measure the 

actual diameter of the vascular wall in real time 

while it is being dilatated by the inflating 

catheter balloon would be extremely valuable.

)
ί
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In addition, in a variety of diagnostic and 

therapeutic settings, the physician requires imaging 

information regarding local vascular sites in order 

to determine the nature and extent of disease, 

therapeutic or medical alternatives, and

pre-treatment and/or post-treatment assessments 

and comparisions. These applications can be 

satisfied with a catheter having ultrasonic imaging 

capability but not dilatation capability.

The present invention provides a uniquely 
designed array of miniature ultrasound crystals 

mounted on a subassembly carriage which, in turn, is 

mounted on or within a small lumen catheter to 

provide quantitative assessment of arterial wall 

geometry and character at disease or obstruction 

sites. The present invention can be used in both 

intra-operative and percutaneous (cardiac 

catheterization laboratory) applications to provide 

real-time, quantitative peri-procedure 

ix 'ormation which represents a quantum leap in 
sophistication of PTCA (and other intravascular 
imaging) procedures as compared to currently used 

pre-procedure and post-procedure angiograms. The 

current increase in use of PTCA procedures will be 

further augmented by the ultrasound imaging 

capabilities of the present invention.

Tjie imagi ng . sys-t-Am of—the—present—invention--------

provides a^gtheter-mounted, ultra sound-imaging

curved, blood
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The present invention provides an ultra-thin 

electroacoustic transducer having an overall thickness less 

than .0075 inch and comprising:

an active piezoelectric layer having a thickness of 

approximately one-fourth wavelength at an intended acoustic 

operating frequency and having an acoustic impedance Zj;

a backing layer affixed to a first face of said 

piezoelectric layer, said backing layer having an acoustic 

impedance Z2 which is greater than Z±;
a faceplate layer affixed to a second, opposite, face 

of said piezoelectric layer, said faceplate layer having a 
thickness of approximately one-fourth wavelength at said 

operating frequency and having an acoustic impedance Z3 

which is approximately the geometric mean of Z± and the 

expected ambient acoustic impedance during use; and

electrical lead means for making electrical connections 

to said first and second faces of the piezoelectric layer.

The imaging system of the present invention provides a 
catheter-mounted, ultrasound-imaging device usable in 

providing real-time, two-dimensional images in small, 

curved, blood vessels such as the coronary arteries.

900412,c_sspe.037, inter,spe,9
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An important feature of the invention is the 

miniaturization of (and associated fabrication 

process for) ultrasonic transducers, plus 

incorporation of the miniature transducers within a 

subassembly "carriage" having its own structural 

integrity. For example, prior electro acoustic 

transducers have typically used a one-half 

wavelength thick active layer plus a backing layer in 

excess of .25 inch. However, the present invention 
makes it possible to realize transducers having a 

total thickness of as little as .0075 inch or less · 

(e.g., by using a one-fourth wavelength active layer 

plus a thin backing layer of slightly higher acoustic 

inpedance). The use of a subassembly for mounting 

an array of such ultra thin transducers greatly 
facilitates manufacturing and testing while also 

tending to protect the array in operation.

The catheter provided by the invention in one 
exemplary configuration includes a catheter body, a 

multi-functioned catheter proximal end, and a 

miniaturized ultrasonic transducer (or array of such 

transducers).

A catheter body polymer segment is the major 

part of a disposable piece that is inserted into the 

vascular system and advanced into the coronary 

arteries over a guidewire. The cross-sectional 

characteristics of this catheter body preferably meet 

certain confining criteria, including:

- outside diameter of approximately .059 inches

or less;

- a lumen or other structure that accommodates
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insulated electric cables for transmission 

of power to piezoelectric elements and 

transmission of received signals from same;

- a through-lumen that accommodates an .018

+ .001 inch guidewire;

- an inflation/deflation ("fluid") lumen for

inflating and deflating an 

interventional balloon with a 

saline/contrast medium;

- a design that accommodates dilatating

polymer balloons ranging from 1.5 to 4.5 

millimeters in diameter, and 1.0 to 3.0 
centimeters in length;

- stiffness or flexibility characteristics that

aftaole the catheter body to be maneuvered 

through small, tortuous vessels such as 
the coronary arteries; and

- a surface property that produces minimum

friction so that the catheter body can be 

advanced through a further, guiding

' catheter insertion device towards the

coronary arteries.

Required functional characteristics of the 

catheter body can be achieved by providing:

a) a polymer extrusion in a specific 

configuration (e.g., defining a 
"smile" or crescent-shaped internal 

lumen) which meets the 

above-mentioned coronary catheter 

requirements; or

b) an assembly or bundle of small tubules 

or arrangement of tubules and cables.
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A multi-functioned proximal end to the 

catheter device is provided to permit the device to 

be interfaced with external equipment. This 

proximal end is quite complex since it enables 

connection to outside-the-patient electrical, 

mechanical, and fluid paths necessary for operation 

of the catheter. Specifically, the proximal end 

accommodates low-impedance electrical cable 

connectors for energization of and reception of 

signals from the ultrasound transducer array; an 
integral fluid path for insertion and removal of a 

steerable guidewire and/or withdrawal of blood 

samples and/or injection of pharmacological or 

contrast or other agents; and. an integral fluid 

path for inflation/deflation of the dilating 
balloon via saline mixed with contrast material.

An important feature of the invention is a 

miniaturized, functional ultrasound transducer (and 

an array of such transducers mounted on a separate 
subassembly) that provides the raw analog acoustic 
data used to generate a vascular image from 

acoustic information. The transducer provided by 

the present invention includes a piezoelectric 

chip having metallic surfaces (e.g., by vapor 

depositer or sputtering), a thin backing layer 

having an acoustic impedance slightly greater than 

that of the active crystal layer, a faceplate (of 

one-quarter wavelength) and low impedance 

electrical leads. Key components of the 

miniaturized transducer provided by the present 

invention include: ,

a) a piezoelectric ceramic chip with
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dimensions approximating .010 inch (.256 mm) wide 

x .120 inch (5.385 mm) long x .002 inch (.051 

mm deep. Porosity of this material must be 

carefully controlled to avoid short-circuit 

phenomena from sides of the composition material 

when electrically contacted (not an issue with 

larger transducers) while ensuring mechanical 

integrity and piezoelectric performance 

criteria. Acceptable candidate composition 

materials include PZT-5, lead metaniobate, and 

lead magnesium niobate. Multiple step(s) 

fabrication processing is required to attain the 
small dimension needed. The crystal wafer is only 
one-fourth wavelength thick (as opposed to the 

typical one-half wavelength. This cuts the 

electrical impedance in half while increasing the 

capacitance (a high dielectric constant is also 

preferred to increase the capacitance electrical 

inpedance). Typical acoustic impedance of this
2 

active layer is on the order of 28 x 10 Kg/(M 

sec). While PVF films might be thought 

suitable experience has revealed that the lateral 

dimension of PVF film (e.g., required to obtain 

sufficiently low electrical impedance becomes 
excessive.

b) Sputtered conductive metal on either side 

of the piezoelectric crystal to enable electrical 

lead attachment (unless the face plate and/or 

backing layer are themselves conductive). Gold is 

used in the preferred embodiment to insure 

mechanical weld integrity, minimal electrical 

impedance, and processing control. A sputtering 

process deposits approximately 1,000 to 4,000
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angstroms of material on either surface of the 

crystal. The sputtered surface allows formation of 

a very low resistance connections comprising a pair 

of weld junctions with connecting wires (e.g., less 

than 2-8 ohms).

c) a backing ledger of a material selected so 

as to maximize acoustic signals entering into the 

transducer backing -- while minimizing any coherent 

acoustic reflections therefrom back into the 

transducer, and causing loss of range resolution. 
The backing may comprise an epoxy mixed with a 

powdered dense metal pressure cured directly onto 

the active ceramic (sputtered) surface. The 

maximum backing thickness is on the order of .020 

inch (.513 mm). One backing composition is 
formed by mixing 11 grams of 5 micron Tungsten 

powder (4-8 micron range) with 1.25 grams of a soft 

rubbery epoxy (1 gram 50A component and .25 gram 

50B component of Insul Gel epoxy). Another 

possible backing composition is, by volume, 70% 5 

micron Tungsten powder, 21% 0.2 micron Tungsten 

powder and 9% epoxy applied to the crystal under 
great pressure (e.g., 12 tons) during the curing of 

the epoxy conponent. In general, the backing 

composition should be chosen to have a slightly
g 

greater acoustic impedance (e.g., 30 x 10
2 Kg/(M sec)) than the active transducer layer 

(e.g., 28 x 105 Kg/(m^ sec)). This 

issures proper acoustic phasing for the quarter

wavelength active layer while also insuring easy 

passage of acoustic energy into the backing 

ayer. The composition of the cured epoxy and 

embedded scattering particles helps insure against
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coherent acoustic reflections back into the active 

layer.
d) Flattened electrical lead attachment via 

spot welding. Gold sputtered copper leads and 

ceramic elements are used so that the leads may be 

welded to the ceramic without producing a high 

resistance connection. Total connection resistance 

per transducer is preferably held below 5 ohms.

e) Attachment of a quarter wavelength 
faceplate material to the active side of the 
ceramic crystal to ensure maximum transmission of 

acoustic energy between the piezoelectric crystal 

and catheter/blood/tissue interfaces. The 

faceplating material may be aluminum oxide powder 

epoxy, with a thickness that is an odd multiple of 

a quarter wave length. One possible faceplate 

composition is, by weight, 2 parts A^O.^

powder and 1 part epoxy (a 50-50 mix of 303 Very ’ 
Low Viscosity epoxy components available from 
Mereco Products, Inc. Faceplate material 

preferably is attached to a transducer precision 

cut faceplate directly via a masked or ·

silk-screen printing process (using the adhesive 

epoxy component of the faceplate composition 

itself).

The direct attachment of the backing and 

faceplate layers via the epoxy component of these 

compositions substantially minimizes any discrete 

bonding layer (which may cause spurious acoustic 

responses).

The present invention also provides an array 
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of such miniature ultrasound transducers mounted on 

a subassembly. An exemplary integral subassembly 

with its own structural integrity includes an array 

of eight discrete ultrasound transducers that 

provide a cross-sectional imaging capability. This 

exemplary subassembly incorporates the following 

key features:

- an internal structure for polymer bonding to

central catheter the body underneath the 

dilatation balloon;

- a concentric through-lumen to accommodate
at least the portion of the catheter which 

an .018 + .001 inch guidewire (or 

other size as desired);

- a.:.i integral, octagonal sleeve of a

substantial material (e.g., stainless? 

steel, a. solidified polymer, etc.) that 

serves as a common backing/support 

structure for all eight transducer 

elements while providing structural 

integrity for the subassembly;

- a layout of ’transducer array components that

facilitates automated micro-positioner 

assembly which is useful for accuracy and 

precision at these very small dimensions.

A distal catheter section is provided which 

accommodates the ultrasound array subassembly, plus 
the following:

- inflation/deflation lumen and

through-lumen;

- dilatation balloon attachment;

- attachment of ultrasound array subassembly;
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and

- attachment of cabling to subassembly.

The connecting cable may be a parallel-wire 

transmission line with a controlled wire-spacing 

to wire-diameter ratio (e.g., of approximately 

10:1 to provide approximately 75 ohm impedance for 

matching to a 75 ohm transducer). If necessary, a 

small external inductor can be used to "tune out" 

undesirable capacitive reactance resulting from 

piezoelectric element capacitance.

Driving and receiving electronics can be 
similar to those commonly found in medical 
diagnostic equipment or NDE equipment. The 

higher operating frequency (approximately equal to 

20 MHz) of the present invention is different than 

that used by conventional pulse-echo equipment, 
and is highly advantageous since it provides 

excellent near-field resolution and a range 

limiting effect.

Images are constructed by conventional 

techniques developed for PPI radar s-< stems. The 

images are produced by a "mapping" operation rather 
than the inherently two-dimensional approach used 
in optical cameras.

In applications where dilatation is not 

needed, the catheter cross-section, ultrasound 

transducer array, and other system components 
remain as described and the dilatating balloon 

structure is absent (not required for this
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application). Exemplary external configurations 

for these embodiments may be as follows:

1) A longitudinal array "bf transducers to 

produce a longitudinal sectional image of 

the vascular segment;

2) Λ circular, radial array of transducers to 

produce a radial (cross-sectional) image 

at a particular vascular site;

3) A staggered, circular, radial array of 

transducers to produce a radial 

(cross-sectional) image at a particular 
vascular site;

4) A circular array of transducers located at 

the catheter distal end, or recessed 0-2 cm from 

the distal end of the catheter or probe, with an 

energized surface facing in a "look-ahead" 
position to produce an axial image in a vascular 

section. Individual transducer elements may be 
angulated from 0 to 45 degrees from the vascular 

axis if desired to produce different angle images. 

If recessed from the tip, polyethylene or similar 

polymer material is interposed between the 

transducer and the tip end to provide sufficient 

transmissivity of ultrasound energy for image 

generation.

The catheter of the present invention can be 
used to provide extremely valuable real-time 

measurements of internal blood vessel lumen 

diameter and external vessel diameter, as well as 

characterization of tissue cross-section and 

blood flow surface, and visualization of arterial 

motion in response to intervention.



I

η

WO 88/09150 PCT/US88/01603

-

The present invention significantly enhances 

the physician's capability for controlling and 

monitoring a vascular or related procedure, as the 

real-time image information (which can be 

displayed on the face of an oscilloscope or 

equivalent device) provides previously unavailable 

data regarding the geometry and tissue character of 

diseased vascular segments. The associated ability 

to record such patient-specific information 

further enhances the physician's ability to 

diagnose and prognose vascular or related disease.
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BRIEF DESCRIPTION OF THE DRAWINGS

These and other features and advantages of the 

present invention will, be better and more 

completely understood by referring to the following 

detailed description of preferred embodiments in

■ conjunction with the appended sheets of drawings,
i of which:

; FIGURE 1 is a schematic diagram of a presently

preferred exemplary embodiment of an angioplasty 

(PCTA) system of the present invention including 
an ultrasound balloon (dilatation) catheter;

FIGURE 2 is an elevated side view of the 

balloon catheter shown in FIGURE 1 after inflation 
of the balloon;

FIGURE 3 is a. cross-sectional elevated side 

and schematic view of the vessel shown in FIGURE 2;

FIGURE 4 is an exemplary ultrasound image 

produced by the system of FIGURE 1;

FIGURE 5A-5C are cross-sectional schematic 
diagrams of simplified images resulting from 

different crystal array configurations;

FIGURE 5D is a schematic diagram in 

cross-section of a blood vessel and in-dwelling

- catheter of the present invention having a radial

8-tran.sducer array configuration.

FIGURE 6 is a detailed top view in partial 

cross-section of a first embodiment of the 

catheter shown in FIGURE 1;

, FIGURE 6A is an elevated cross-sectional

schematic view of the catheter tube of FIGURE 6;

FIGURE 6B is a schematic depiction of an eight
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transducer array using but 6 wire leads back to the 

signal generation and processing circuits;

FIGURE 7 is an elevated side view of one of 

the ultrasonic transducers shown in FIGURE 6;

FIGURES 8A-8C are graphs of 

mathematically-calculated input impedances for 

the transducer shown in FIGURE 7;

FIGURE 9 is an elevated perspective view of an 

array subassembly infrastructure of the present 

invention prior to assembly of transducers' thereto;
FIGURE 10 is an elevated schematic view of the 

assembled array subassembly prior to curling into 

an octagonal shape;

FIGURE 10A is a detailed view of the assembled 
array subassembly;

FIGURE 11 is an end or section view of the 
subassembly shown in FIGURE 10;

FIGURE 12 is a detailed elevated end view of a 

transducer as installed in the FIGURE 10 

subassembly;

FIGURE 13 is an elevated perspective view of 
the fabricated transducer array subassembly as 

shown in FIGURE 10 wrapped around a through-lumen 

and bonded within a balloon catheter body;

FIGURE 13A is an elevated view in 

cross-section of the FIGURE 13 subassembly;

FIGURE 14 is an elevated perspective view of 
an alternate transducer array subassembly of the 

present invention;

FIGURE 15 is an elevated side view in partial 

cross-section of the proximal connector used to 

connect the catheter of FIGURE 6 to the ultrasound 

excitation/imaging devices shown in FIGURE 1;
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FIGURE. 16 is an elevated side view in

cross-section of the proximal connector shown in
FIGURE 15;

FIGURE 17 is an elevated side view in

perspective of a standard coaxial-type connector 

used in conjunction with the connector of FIGURE 15;

FIGURE 18 is an elevated side view in partial 

cross-section of a standard mechanical connector 
used to connect the catheter tube of the present 

invention to the pump shown in FIGURE 1;

FIGURE 19 is an elevated side view in

cross-section of a further embodiment of the 

catheter tube of the present invention, this 

further embodiment having a coaxial lumen 
configuration;

FIGURE 20 is an elevated side view in 

cross-section of a still further embodiment of 

the present invention having an extruded, integral 
circular through-lumen and crescent ("smile") 
fluid lumen;

FIGURES 21-23 are eleva.ted side views in 

cross-section of still further embodiments of 

catheter tubes of the present invention;

FIGURE 24 is an elevated perspective view of a 

non-interventional, diagnostic ultrasound probe 

of the present invention within a blood vessel;

. FIGURES 25-29 are elevated perspective views 

of various alternate configurations for the FIGURE 
24 diagnostic probe;

FIGURE 30 is’ a perspective view of a solid 

stainless steel electro machined carriage into 

which eight transducers may be mounted prior to 

assembly on a catheter tube; and
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FIGURE 31 is a cross-sectional view of an 

assembled transducer array subassembly (using the 

carriage of FIGURE 30) mounted onto a catheter 

tube.

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS

FIGURE 1 is a schematic diagram of the 

presently preferred exemplary embodiment of an 

angioplasty/imaging system 50 of the present 

invention.

System 50 includes a catheter 52 connected by 

a catheter tube 54 to a proximal connector 56. 

Proximal connector 56 connects catheter tube 54 to 
a conventional PCTA inflation pump 58 (via a 

proximal mechanical connector 60), and also to an 

ultrasound excitation/imaging device 62 (via 

conventional minature coaxial cable connectors 

64a-64d).

An ultrasonic transducer array 66 is disposed 

within and/or about catheter tube 54 and is 

enveloped by conventional catheter dilatation 

balloon(s) 68. In the preferred embodiment, array 

66 includes several (e.g., four to eight) 

transducers 70a-70d arranged in opposing pairs. 

Electrical microcables (not shown) run the length 

of tube 54 and connect transducer array 66 to 

proximal connector 56. Connector 56 in turn 

connects the microcables to minature coaxial 

cables 72a-72d (one for each transducer 70) each 

of which is terminated by a conventional miniature
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coaxial connector 64.

Ultrasound imaging device 62 of the preferred 
embodiment includes an ultrasound pulser 74 

(e.g., of the type which shock excites a connected 

electroacoustic transducer by discharging a 

capacitor thereinto which is precharged to, for 

example, 100 volts, an ultrasound receiver 76, an 
i oscilloscope 78, and an electronic switch 80.

•Ultrasound pulser 74 produces a pulse signal (of

, a desired magnitude and shape which is applied to

; excite one or more of transducers 70 (via a coaxial

connector 82 mating with a corresponding one of
! transducer connectors 64a-64b). Electronic

switch. 80 connects mating coaxial connector 82 to 

ultrasound pulser 74 while the pulser produces 

the pulse, and then connects the coaxial connector 

to the input of ultrasound receiver 76. Ultrasound 

receiver 76 performs conventional signal processing 
operations on. electrical signals generated by 

mechanical excitation of transducers 70a-70d 

(e.g., amplification, noise reduction and the like) 

and applies the processed signals to the input of 

oscilloscope 78. Scope 78 generates an ultrasound 

image 84 on CRT 86 (or other equivalent display

- device) of the vascular structures reflecting

ultrasonic energy toward array 66 using 

conventional PPI (radar) algorithms. As will be 

appreciated, switch 80 can be conventionally 

arranged so as to multiplex connections between all 

of the transducer cable connections 64a-64d and 

the ultrasound signal processing circuits 74, 76.

3*·
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Catheter tube 54 encloses at least two 
"lumens" (passages) in the preferred embodiment. 

One of the lumens, called an "through-lumen", 

contains a guidewire 88. The other lumen (the 

"fluid lumen") is used to communicate fluid to and 

from balloon 68. The fluid lumen is connected via 

fluid connector 60 to inflation pump 58. Inflation 

pump 58 controls very accurately the amount and 

pressure of saline solution applied to the fluid 

lumen within catheter tube 54 -- .and thus controls 
the degree to which balloon 68 is inflated.

To use system 50, a cardiologist first inserts 

guidewire 88 into the blood vessel (e.g., artery) 

to be imaged and/or dilatated. Once the 

guidewire is in position, the cardiologist inserts 

catheter 52 into the artery and pushes it along the 

guidewire through the artery to a section of the 

artery of interest. FIGURE 2 is a cross-sectional 

view of catheter 52 positioned within an artery 90 

having a lesion 92 on its inner wall 94.

As catheter 52 passes through artery 90 along 

guidewire 88, the cardiologist can view a 

cross-sectional image of the artery on display 86 

to determine geometry and other characteristics of 

the artery and also the presence of and geometry of 

deposits (e.g., plaque) on the inner artery wall 

94. Images produced by ultrasound imaging device 

62 can be used either alone or in conjugation with 

other imaging techniques (e.g., fluoroscopy of 

contrast material injected into the artery via the 

through-lumen and/or injected into the balloon via
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the fluid lumen) to locate catheter 52 within the 

patient's cardiovascular system.

Once catheter 52 is positioned in a partially 

occluded section of artery 90, the cardiologist can 

determine the geometry and composition of lesion 92 

from images produced by device 62. Based on the 

detailed and nearly complete dimensional and 

qualitative description of the arterial wall (and 

lesions thereon) provided by imaging device 62, the 

cardiologist can decide whether the 

interventional angioplasty procedure should be 

performed on the particular segment of the artery 
the catheter 52 is disposed within.

If the cardiologist decides to apply 

dilatation to the segment of artery 90 within which 

catheter 52 is disposed, he or she actuates 

inflation pump 58 and applies a stream of fluid to 

catheter balloon 68 via the fluid lumen. Balloon 

68 inflates in response to this fluid stream -- 

thereby expanding the arterial wall 90 and creating 

fissures in lesion 92. During this process, the 

cardiologist can view a real-time image of the wall 

and the lesion generated by imaging device 62, and 
thus determine (actually measure) the degree to 

which the wall has been djlatated. Such 

extremely accurate measurements of the specific 

section of artery being treated can help to reduce 

dangers (e.g., over-dilatation) associated with 

the procedure as well as increase the effectiveness 
of the procedure (for example, under-dilatation, 

which has been isolated as a possible cause for



WO 88/09150
z

PCT/US88/01603

z

27

restenosis of the dilatated lesion, can be 

avoided).

Ultrasonic pulser 74 produces a short pulse 

excitation which causes the transducer to "ring" at 

a predetermined characteristic frequency (about 20 
MHz in the preferred embodiment). In this 

embodiment, ultrasonic transducers 70 have a 

configuration (which will be explained in greater 

detail shortly) which cause them to each emit 

acoustical (ultrasonic) energy at such 

predetermined frequency in a relatively narrow beam 
(e.g., along a radially-outwardly extending 

radiation pattern contained within dotted lines 96 

of FIGURE 3).

The ultrasonic energy emitted by transducer
70a is absorbed to different degrees by the 

structures it passes through, deper.ding upon the 
density and other characteristics of those 

structures -- the energy being absorbed and/or 

reflected to different degrees by: (a) blood within 

the artery; (b) lesions on the arterial wall; (c) 
the arterial wall itself; and (d) tissues 

surrounding the artery.

Some of the ultrasonic energy emitted by 

transducers 70 is absorbed by blood 98 passing 

through artery 90 (assume that blood 98 has an 

absorption factor of Zq). Some 

energy not absorbed by blood 98 

of the ultrasonic

is reflected at the

interface between the blood and lesion 92 (and at 

the interface between the blood and vascular wall

■Ϊ
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100) back toward ultrasonic transducer 70a. The 

remainder of the ultrasonic energy emitted by the 

transducer which is not absorbed by the blood 

passes into lesion 92 or into vascular wall 100.

Lesion 92 is typically more dense than blood 

98, and therefore has a different absorption factor 

than that of the blood (assume the lesion has an 

absorption factor of . Much of the ultrasonic 
energy which passes into lesion. 92 is absorbed by 

the material comprising the lesion. However, some 

of this ultrasonic energy is reflected back toward 

ultrasonic transducer 70a at the interface between 

lesion 92 and inner vascular wall 94, and some of 

the ultrasonic energy passes into vascular wall 100.

Vascular wall 100 has a different acoustic 

impedance than that of lesion 92 and blood 98, and 

therefore absorbs ultrasonic energy to a different 

degree (assume for the purposes of this example 

that the vascular wall has an absorption factor of 

) ■ Some of the ultrasonic energy passing into 
vascular wall 100 which is not absorbed by the 

vascular wall is reflected (at the interface 

between the vascular wall and surrounding tissue 

102) back toward ultrasonic transducer 70a. The 

remaining ultrasonic energy not absorbed by 
vascular wall 100 passes into the surrounding 

tissue 102.

Unlike most or all intravascular imaging 
systems in the prior art, the present invention 
preferably uses relatively high ultrasonic
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frequencies (e.g., about 20 MHz). Most of the 20 

MHz ultrasonic energy passing into surrounding 

tissue 102 is absorbed by the tissue. Relatively 

high ultrasonic frequencies are used in the 

preferred embodiment in order to maximize 

absorption of ultrasonic energy by tissue 102 (and 

minimize reflections from tissue 102 back toward 

transducers 70) -- ultrasonic energy of higher 

frequencies being absorbed more readily than 

ultrasonic energy of lower frequencies. An 

ultrasonic excitation frequency of approximately 20 
MHz with a bandwidth of approximately 10 MHz 

has been found to be satisfactory for this 

purpose. Because this relatively high excitation 

frequency is used, the imaging range of transducer 

70 is confined to approximately the interface 

between arterial outer wall 90 and surrounding 

tissue 102 (1.0 cm distance from the transducer) 
— exactly the area of interest to the 
cardiologist. The 20 MHz frequency thus enhances 

near field resolution and limits effective range.

Electronic switch 80 and ultrasound pulser

74 are synchronized (e.g., using the 

"synchronization out" signal produced by 

oscilloscope 78) such that switch 80 connects 

ultrasonic transducer 70a to ultrasound pulser 74 

during the time the pulser is producing a pulse, 

and electrically connects the ultrasohic transducer 

to the input of ultrasound receiver 76 during all 

other times. After ultrasonic pulser 74 produces 

a pulse to excite ultrasonic transducer 70a, the 

transducer is disconnected from the pulser and is

t
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connected to the input of receiver 76.

Ultrasonic "echo" energy reflected by the 

interfaces between blood 98, lesion 92, vascular 

wall 100 and surrounding tissue 102 back toward 

ultrasonic transducer 70a mechanically excite the 

transducer, causing it to produce electrical 

signals responsive to the amplitudes and relative 

timing of reflected acoustical "echo" signals which 
reach the transducer. The electrical signals 

generated by transducers 70 in response to these ■ 

"echo" signals are amplified by receiver 76 and 

applied to the input of oscilloscope 78. Scope 78 

produces, for example, the image shown in FIGURE 4 
in response to these "echo" signals (using 

conventional PPI radar imaging algorithms).

Because of the highly directional (narrow 
beam) radiation pattern, of transducers 70, only 

signals reflected by structures located within a 

relatively thin cross-sectional "slice" of artery 
90 are received by each transducer and contribute 

to the image generated by oscilloscope 78. Since 

the exemplary embodiment uses a finite number of 

discrete transducers, the resulting PPI type 

image will be somewhat granular (except to the 
extent that smoothing and/or extrapolation 

algorithms are used to "fill in" the missing data 

points. Image 84 appearing on the screen 86 of 

scope 78 thus represents a real-time image of 

vascular structures of interest in the field near 

transducer 70a.
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The coverage of the image generated depends 

upon the configuration of transducer array 66 -- 

and on the configuration of each of transducers 

70. The exemplary configuration of array 66 and 

transducers 70a-70d will be discussed in great 

detail shortly. Briefly, transducers 70 are 

designed to be very efficient (i.e., to direct most 
of the energy they emit in a narrow beam along 'a 

desired path, and also to be insensitive to 

reflections received from directions other than the 

directions in which they emit energy (to reduce 
noise and image ambiguity).

The angular range over which each transducer 

70a-70d emits energy depends on the 

cross-sectional face area of the transducer. It is 

desirable to cover a full 360 degrees of the near 

field with transducer array 66 to. explicitly 
provide a complete image of the artery (although 
conventional algorithms can be used to "fill in" 

missing image segments through interpolation and/or 

partial images may provide sufficient information 

to a viewer). It is, however, difficult to 

fabricate highly miniaturized transducers which 

cover large angles (since the angle of radiation is 
limited by the size of the transducer active 

surface).

FIGURES 5A-5C show simplified images which 

may result from three different configurations for 

transducer array 66. Each transducer 70a-70d-70h 

in the FIGURE 5A-5C arrays is curved to somewhat 

increase the. angular coverage of the transducers.
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The FIGURE 5A array includes two pairs of 

opposing transducers 70a-70d each providing image 

data 71a-71d which is simply accurately expanded 

so as to effect a 45° degree coverage for a total 

"coverage" of 50 % (45 degree gaps between the 

"coverage" of adjacent transducers reduce the 

information within the image).

The FIGURE 5B array configuration also 

includes two pairs of opposing transducers 
70a-70d, but these transducers produce data which 

is accurately expanded so as to provide a pseudo 

image having 90 degree coverage for each transducer 

or 100% total "coverage". The FIGURE 5B 

transducers may be larger in size than those shown 

in. FIGURE 5A, and therefore may be more difficult 

to "fit" into a small catheter body.

The array shown in FIGURE 5C includes four 

pairs of opposing transducers 70a-70h (for a. 

total of eight transducers) each trpdicomg data 

71a~71h which is accurately expanded so as to 
provide a 22 degree coverage for a total of 50% 

image coverage. FIGURE 5D is a cross-sectional 

schematic diagram of the FIGURE 5C array disposed 

in a catheter body and also showing (in dotted 

line) the beam path of an arbitrary one of the 
eight transducers. While the explicit image 

provided by the FIGURE 50 array covers only 50% of 

the total area of interest, the granular image is 

complete enough to permit missing details to easily 

be filled in mentally by the viewer — since the 

probability is very high that all significant
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features of the artery will be at least partially 

within the coverage of at least one transducer.

From the typical visualization pattern shown 

in FIGURE 4 produced by system 50, a cardiologist 

can make a real-time dimensional measurement of 

the internal lumen diameter of the section of 

artery 90 which catheter 52 is positioned within 

(dimension 104 shown in FIGURE 4), and can also 

make a real-time dimensional measurement of the 

external diameter of artery 90 (dimension 106 shown 

in FIGURE 4). In addition, the cardiologist can 

characterize the cross-section of tissue and the 

blood flow surface of the section of artery 90 
being imaged. Based upon these real-time 

measurements and characterizations, the 

cardiologist may conclude that dilatation of the 

artery section is necessary, and control inflation 

pump 58 to deliver saline solution tinder pressure 

through the fluid lumen within catheter tube 54, 
thereby inflating balloon 68 to a desired degree.

During inflation of balloon 68 (and dilatation 

of artery 90), oscilloscope 78 displays a 

real-time visualization of arterial motion and 
response to intervention. The cardiologist can 

accurately control the degree and duration of 

inflation of balloon 68 while watching the 

real-time image of the section of artery being 

dilated. Because the cardiologist can actually 

"watch" the section of artery being dilatated 

while it is being dilatated, the danger of 

excessive dilatation is minimized and the

Μ»
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cardiologist can -also make sure sufficient dilation 

occurs. In addition, because system 50 produces an 

image of lesion 92 before, during and after 

intervention, the cardiologist can decide if 

additional angioplasty repetitions are necessary 

and can also ascertain the effectiveness of 

intervention (and thus, the prognosis of the 

patient and the need for additional therapy).

FIGURE 6 is a top view in partial 

cross-section of one exemplary embodiment of 

balloon catheter 52 shown, in FIGURE 1. Balloon 

catheter 52 and catheter tube 54 shown in the 

FIGURE 6 embodiment have two different lumens 

arranged in a "double-D" configuration: A 

through-lumen 108 (for pressure monitoring and 

guidewire placement); and a fluid lumen 110 
(through which the saline solution flows to inflate 

balloon 68, see FIGURE 6A).

Guidewire 88 is disposed within 

through-lumen 108 and has a smaller outside 

diameter than the inside diameter of the 
through-lumen to allow catheter 52 and catheter 

tube 54 to "travel" by sliding along the outer 

surface of the guidewire. Because through-lumen 

108 opens into the blood vessel at an opening 112 

located at the distal end (tip) 115 of catheter 52, 

there is a direct fluid connection via the 

through-lumen between the blood vessel^and the 

proximal end of catheter tube 54. Through-lumen 

108 thus can be used for monitoring blood pressure 
and/or injecting substances (e.g., contrast
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materials) into the vessel.

An inflation port 114 connects fluid lumen 110 

with the interior of balloon 68. Inflation port 

114 allows saline solution to flow under pressure 

from fluid lumen 110 into balloon 68 to inflate the 

balloon, and also allows saline solution within 

inflated balloon 68 to flow out of the balloon back 

into the fluid lumen upon balloon deflation. The 
cross-sectional area of fluid lumen 110 (and port 

114) is sufficiently large to permit rapid 

deflation of balloon 68 -- immediately alleviating 

cardiac dysfunction caused by extended complete 

occlusion of arteries by inflated balloon 68.

Catheter 52 preferably has an outside diameter 

of about 0.059 inch (1.513mm) or less, and 

accommodates balloons 68 ranging from 1.5 to 4.5 

mm in diameter, and 1.0 to 3.0 cm in length. 
Through-lumen 108 in the preferred embodiment is 
large enough to accommodate a (e.g., .018 inch or 

.462 mm) guidewire. Catheter 52 has 

conventional stiffness/flexibility characteristics 

that enable it to be maneuvered through small, 

tortuous vessels such as the coronary arteries, and 

an outer surface property that produces minimum 
friction so that it can be a'dvanced through a 

guiding catheter as an insertion device toward the 

coronary arteries.

The body of catheter 52 (FIGURE 6) is 

conventionally fabricated using polymer extrusion, 
a well-known technology that provides a catheter 
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body with the characteristics described above. In 

an alternate embodiment, however, the catheter 52 

includes an assembly of discrete tubules which are 

preferably enclosed within a conventional polymer 

outer tube/shell (as will be explained).

A microcable assembly 116 is located in 

fluid lumen 110 and runs along the length of 

catheter 52 and catheter tube 54. Microcable 

assembly 116 transmits power to transducer array 

66, and also transmits received signals from the 

array (the same cables are used for both outgoing 
and incoming signals). Microcable assembly 116 

contains five insulated electrical leads (one for 

each of transducers 70a-70d and a fifth acting as 

a common ground conductor) in one preferred 

embodiment. Microcable assembly 116 is connected 
to leads 118 of transducer array 66 at 
approximately point 120.

In an eight transducer embodiment (FIGURE 6B), 

the number of necessary wires can be reduced to six 

by using two different common ground lines 600 

(each in common with four transducers) and four 

active lines 602 (each serving two transducers). 

This reduction in lines is possible because not all 

of the transducers are active at any given time. 

(Indeed, in the exemplary embodiments, only one 
transducer is active at any given time.)

The transducers 70 in array 66 are arranged in 

two opposing pairs in the embodiment of FIGURE 5A. 

Transducers 70c and 70d are each bonded to 

through-lumen outer wall 122 and they are offset
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from one another by 180 degrees. Transducers 70a, 

70b are similarly bonded to through-lumen outer 

wall 122 and are offset from one another by 180 

degrees. All of the transducers in array 66 are ' 

disposed within the portion of catheter tube 54 

enclosed by balloon 68. In general, it is 

desirable to locate array 66 close to the distal 

end 123 of balloon 68. However, it would probably 

be undesirable to position array 66 at distal end 
115 of catheter 52, since array 66 in the preferred 

embodiment is highly directional and might not be 

capable of imaging the section of artery being 

dilatated by inflated balloon 68 unless the array 

is located somewhere directly within that section.

Transducers 70a, 70b are spaced away from 

transducers 70c, 70d in the preferred embodiment by 

90 degrees in rotation and by a short axial 

distance along catheter tube 54. This preferred 

configuration allows each of transducers 70a-70d 
to be operated independently without interfering 
with the other three transducers in the array.

FIGURE 7 is a detailed side view of one of 

transducers 70 shown in FIGURE 6. Transducer 70 

includes a backing 124, a ceramic transducer chip 
126, a quarter wavelength matching layer 128, and a 
ribbon connector 130.

Transducer chip 126 is a flat, thin 

rectangular structure made of piezoelectric 

material in the preferred embodiment, and is 
precision cut to resonate at a desired frequency.
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As is well known, such piezoelectric material 

mechanically vibrates when excited by an electrical 

voltage pulse -- and produces electric voltage when 

it is mechanically excited. In the preferred 

embodiment, chip 126 has dimensions of 

approximately 0.010 inch wide by 0.120 inch long by 

almost 0.002 inch thick. It is shock excited by 

discharging a 100 volt charged capacitor (time 

constant of about .02 microsecond). The area of 

the transducer is selected so as to provide the
2 requisite acoustic power (watts/cm ) output so 

as to permit a receiver with a given gain factor to 

detect the returned echo from artery wall 

interfaces. Chip 126 should be made from a 

material with controlled porosity so as to avoid 

short-circuit phenomena when sides of the chip 

are electrically contacted while insuring 

mechanical integrity and meeting piezoelectric 
performance criteria (i.e., efficient conversion 

between electrical and mechanical energy). In the 

preferred embodiment, chip 126 is made from one of 

the following materials: PZT-5, Lead 

Metaniobate, and Lead Magnesium Niobate.

Conductive metal is sputtered on upper chip 

surface 140 and lower chip surface 134 in the 

preferred embodiment to enable attachment of 

electrical leads (a bifilar cable including leads 

132 and 136 is shown). Gold sputtering is 

preferably used in order to ensure good mechanical 

weld integrity, minimize the electrical impedance 

of the connection, and allow better processing 

control during fabrication. Conventional
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sputtering techniques are used to deposit 

approximately 1,000-4,000 angstroms (or more if 

required for good conductivity) of gold on surfaces 
134 and 140.

A backing 124 is bonded directly to transducer 

chip lower surface 134 (e.g., via an epcxy 

component of the backing itself which is cured in 

place) in order to absorb ultrasonic energy emitted 
by the transducer chip in a direction toward the 

bottom of FIGURE 7, making transducer element 70 

unidirectional (the chip emits very little energy 

in the direction normal to the plane of FIGURE 7). 

The backing material should have an acoustic
7 2impedance (p.c) (e.g., 30 to 40 x 10 Kg/(M 

sec)). Typically a powdered dense material

(e.g., Tungsten) may be incorporated in the backing 

to increase its acoustic impedance (density times 

speed of sound in the medium) and to cause 

scattering of acoustic energy. This also provides 

the requisite phasing to support use of a thin 

quarter wavelength thick active transducer 126.If a 
very very high acoustic impedance material (e.g., 

platinum, gold or titanium) is sued then a thin 

approximately 0.002 inches thick (1/4 wavelength at 

the excitation frequency of 20 MHz) strip of pure 

metal may possibly be used as a backing.

Acoustic energy cannot easily penetrate 

backing 124 to reach transducer chip surface 134 — 

this energy would cause reverberation within the 

transducer chip and results in a loss of range 

resolution. '
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Preferably, backing 124 can be composed of a 

matrix of tungsten particles suspended in an epoxy 

or vinyl base which is directly adhered to 

transducer chip lower surface 134 using the matrix 

carrier material itself. The diameter of the 

suspended tungsten particles should be no more than 

about 10 microns, and the mixture density should be 

selected so that the acoustic impedance of backing 

126 is only slightly higher than that of chip 126.

One flattened bifilar cable lead terminal

139 is welded to transducer lower surface 134 

before backing 124 is applied to the transducer 

chip. (Alternatively, if backing 124 is 
sufficiently conductive, lead 139 may be connected 

to its back side instead.) Lead 136 is made of 

copper and sputtered with gold in the preferred 

embodiment to decrease connection resistance (the 
connection resistance is preferably less than 5 
ohms). The conductor 138 within lead 136 is 

flattened at terminal portion 139 where the lead is 

connected to transducer chip 126 to provide 

increased conductive surface area, and is welded to 

the transducer chip with a parallel gap welder.

Conductive ribbon 130 (a flat, thin piece of 

conductive material which is also gold sputtered or 

made entirely of gold) is welded to transducer chip 

upper surface 140 using a parallel gap welder. 

Ribbon 130 has an extended portion 142 which 

extends away from the transducer chip in a 

direction approximately parallel to transducer chip 

upper surface 140. A flattened terminal portion
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144 of bifilar lead 145 is welded to ribbon 

extended portion 142. Electrical signals applied 

between leads 132 and 136 cause transducer chip 126 

to mechanically vibrate at a predetermined resonant 

frequency (the piezoelectric effect) in a 

conventional manner.

Transducer chip 126 has a matching layer 128 

provided on the faceplate surface to optimize 

acoustic matching between the transducer chip and 

blood/saline. Matching layer 128 in the preferred 

embodiment is c.\e-quarter wave length thick and 
has an acoustic impedance which approximates the 

geometric mean between that of the active chip 126 

and the ilood/saline material.

This matching layer 128 is provided in the 
preferred embodiment to ensure maximum transmission 
of acoustical energy between transducer chip 126 

and catheter/blood/tissue interfaces. In the 

preferred embodiment, matching layer 128 is made of 
aluminum oxide/epoxy material, and has a thickness 

which is an odd multiple of a quarter wavelength of 

the matching layer material (for any given 

frequency of acoustical energy, wavelength is a 

function of the propagation velocity of the 

material the acoustical energy is passing though). 

Matching layer 128 is directly bonded to the chip 

stirface 140, (e.g., via an adhesive epoxy component

of the faceplate material) by masked deposition 

or "silk screen" printing processes.

Matching layer 128 allows for more efficient
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transfer of energy between transducer chip 126 and 

its surrounding media, thus increasing the 

sensitivity and efficiency of transducer 70.

The electrical input impedance of transducer 

70 is important because it is easy to measure and 

serves as an. indicator of other important 

characteristics. In addition, electrical impedance 

has direct importance. It must be computed, and 

measured so that cable, transmitter, and receiver 

impedances can be matched for efficient energy 

transfer.

Model results have been calculated which are 

initially useful for component selection, design 

optimization, and choice of fabrication techniques 

and materials. The model also assists in setting 

realistic performance and quality control 

expectations.

Calculations are based on Mason's equivalent 

circuit (see, for example, Edmond's book "Methods 

of Experimental Physics").

Several numerical values were assumed, to - 

define the components of transducer 70 and 

microcable assembly 116. The values were taken 

from various tables and data sheets. The 

zero-attenuation assumption for the transducer 

faceplate depicts an actual faceplate (and matching 

layer 126) configuration and composition and 

therefore 'should be checked for the specific 

faceplate used.
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TABLE I Transducer Parameter Values

Parameter

cross-sectional area

Z backing

ceramic (EDO PMN #EC-98)

Zo

velocity of sound 

attenuation 

dielectric 

elastic stiff 

g, press const 

thickness

faceplate (EBL #105)

Zo

velocity of sound, 

attenuation 

thickness

Assumed Value 

5x10 7 m2

30x10® kg/(m2 sec)

27x10® kg/(m2 sec)

3470 m/sec

0.0 nepers/m

5500

0.94X1011 N/m2

1.5xl0"2 (V/m)/(N/m2)

4..3x10”® m (1/4 wave-length)

5.5x10® kg/(m2 sec)

3020 m/sec

0.0 nepers/m

3.8x10~® m (1/4 wave-length)

The analysis assumes perfect bonding between the backing 124
and ceramic chip 126, and between the chip and faceplate 128.
Clearly, these assumptions are somewhat in error. The model can
be corrected to include the effects of bond thickness if
additional accuracy is desired.

Results herein ignore cable effects and tuning
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inductor effects. These effects can be added to the 

model if additional accuracy is required.

A Tektronix model 2236 ohmmeter has been used 

to measure the.resistance at the welded 

lead-to-transducer junction. After accounting for 

the resistance in the ohmmeter connections, the weld 

joints should measure one or two ohms. This value 

is substantially below the ceramic and cable 

impedances and can therefore be ignored.

Figure 8A shows the probe input impedance as a 

function of frequency. The parameter values from 

Table I were used to compute the impedance values 
shown.

Table I shows the faceplate 128 thickness for 

1/4 wave matching. FIGURE 8B shows the computed 
impedance for the faceplate; only the plate 

thickness was changed from the values shown in Table 

I. The differences between FIGURE 8A and FIGURE 8B 

may be important for some purposes. However, FIGURE 

8C shows the computed input impedance under the 

assumption that the ceramic transducer chip is 

simply loaded with water on each side. Comparison 

of the three figures (FIGURES 8A, 8B and 8C) shows 

that components can differ from the ideal and still 

provide major improvements over a "bare" water 

loaded ceramic.

FIGURE 8A shows that total transducer impedance 
on the order of 75 - 100 ohms is attainable with 

PZT ceramic. The probe impedance has a

f
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considerable capacitive component which would 

ideally be "tuned out" with an inductor if 

necessary. Because of space limitations, the usual 

inductive tuning at the ceramic is difficult; 

however, it is possible to place an inductive tuning 

circuit at the amplifier input (i.e., at switch 80 

or connector 82) to "tune out" undesirable 

capacitive reactance resulting from piezoelectric 

element capacitance.

The impedance of microcable assembly 116, the 

input impedance of receiver 76, and the output 
impedance of pulser 74 should all be matched to 

the impedance of transducer 70 to obtain the most 

efficient energy transfer (microcables in the form 

of parallel wire transmission lines with a wire 

spacing to wire diameter ration of 10:1 are used in 
the preferred embodiment to provide 75 ohm impedance 

matching).

Although the ceramic thickness was chosen for a 

20 MHz resonance, FIGURE 8A indicates about a 16 

MHz center frequency. Ceramic loading from 
backing 128 and load cause this frequency shift (the 

shift is well known and expected).

Fabrication of the FIGURE 6 catheter embodiment 

may require that the catheter body and transducer 

array 66 be assembled at the same time. In a 

preferred embodiment, transducer array 66 is 

fabricated separately as a subassembly 300 (as shown 

in FIGURES 9-13) so as to decrease the cost of 

fabrication, increase reliability, and permit the
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array to be fully tested before final assembly of 

catheter 52. Subassembly 300 is completely 

assembled and tested (and repaired if necessary) 

before it is incorporated into the catheter body, 

since it is difficult (or impossible) to repair 

transducer array 66 once it is disposed within 

catheter 52 — and testing of the array at this late 

stage of fabrication typically only isolates 

completed catheters 52 that must be discarded.

Subassembly 300 includes: (a) a slotted

octagonal sleeve infrastructure 302; (b)

transducers 70; and (c) proximal lead insulation 

tubes 304. Slotted sleeve 302 (which takes on an 

octagonal shape when subassembly 300 is completely 
assembled) serves as a common backing/support 

structure for all of transducers 70 while providing 

structural integrity for the subassembly.

Referring to FIGURE 9, slotted sleeve 302 is a 

relatively flat sheet 303 of structural material 
(e.g., platinum, metal, plastic or other strong 

material) defining plural parallel slot-like 

depressions ("slots") 306 on an upper surface 310. 

The number of slots 306 equals the number of 

transducers 70 to be included in subassembly 300. 
Slots 306 are separated from one another on sheet 

lower surface 326 by fold gaps 321. Sheet 303 in 

the preferred embodiment has dimensions of about 

0.015 inches by 0.015 inches.

Each slot 306 includes (or has associated with 
it): (a) means for mechanically retaining a
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transducer 70 of the type shown in FIGURE 7; (b) 

means for guiding the lead(s) attached to the 

transducer to a point at which the leads attach to 

microcable assembly 116; and (c) means for 

retaining and insulating the transducer leads.

More particularly, slots 306 each include a 

rectangular cutout (aperture) 308. Cutouts 308 are 
each just large enough (e.g., 0.030 inches long) to 

accept and retain a transducer 70. A transducer 70 

is mounted into each cutout 308 with the transducer 

backing 124 facing downward and faceplate 128 facing 

"upward" (when oriented as shown in FIGURE 9). 
Cutouts 308 may (but need not necessarily) extend 

through the entire width of sheet 303.

As can perhaps best be seen in FIGURE 12, 
transducers 70 are retained within cutouts 308 
(which may have about .001 inch clearance on either 

side for transducer 70) by conductive epoxy 309. 

Cutouts 308 retain transducers 70 in place while 

providing no obstruction to acoustical energy 

radiating from and/or to faceplate 128. In the 

embodiment shown, faceplate 128 has dimensions which 
are larger (at least in the direction normal to the 

plane of FIGURE 12) than the dimensions of 

transducer chip 126 so that the faceplate 128 

"overlaps" cutout 308 and extends over sheet surface 

310 in order to help retain the transducer in 

position while the mounting epoxy 309 cures.

Transducers 70 are mounted in cutouts 308 

(preferably by a conventional automated
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micro-positioner assembly system which is used for 

accuracy and precision of assembly of parts with 

very small dimensions). Gold ribbon lead 130 is 

preferably already welded to the transducer chip 

surface 140. The leads 130 are the flattened ends 

of lead wires -- and the insulated shanks of such 

lead wires are fitted within 

longitudinally-defined depressions 314 (FIGURE 9) 

and clamps 316 to collectively serve as a strain 

relief for the transducer leads. The conductive 

(e.g., gold) ribbon 316 also improves electrical ' 
ground shielding of the individual lead wires.

After the transducers 70 and lead wires 304 

have been assembled to flat sheet 303, the sheet is 

curled around catheter through-lumen 108 (a 0.025 

inch diameter tube with a 0.002 inch wall thickness 

in this embodiment) to completely encircle the 

through-lumen. Longitudinal triangular-shaped gaps 

321 (defined longitudinally along the entire length 

of sheet surface 326) open 45 degree wide "gaps" in 

surface 326 which provide longitudinal, axial fold 
lines 328 in the sheet. These fold lines prevent 

the sheet from breaking during the curling process 

by providing creases along which the sheet can be 

folded.

Sheet 303 is curled in the preferred embodiment 

so that gaps 321 close (i.e., the two sides of the 

triangular gaps contact one another). The sheet 303 

side edges 322, 324 may be bonded together and to 

the catheter body (e.g., with epoxy) to prevent the 

sheet from uncurling. Once sheet 303 is closed in
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this manner, transducers 70 are disposed in relative 

positions as shown in FIGURES 5C-5D described 

earlier -- and because sheet 303 folds along lines 

328, the sheet outer surface 320 is octagonal in 

shape with planar portions separating each of the 

six fold lines (so that in cross-section the 

assembled subassembly 300 has the shape of a 

octagon) -- each planar "side" portion carrying a 
transducer 70. The completed subassembly 300 is 
shown in FIGURE 13.

After closing sheet 303 (and preferably also 

after testing fabricated subassembly 300 for 

electrical and mechanical characteristics and 
functionality), a length of tubing 340 (0.035 inches 

in diameter with a 0.005 inch thick wall in the 

preferred embodiment) is slid over lead wires 304 

(preferably after cutting a slit in outer catheter 
wall to allow all of leads to exit the subassembly 

300 and be fed into the body of catheter 52 -- and 

also to allow the subassembly to be bonded to the 

catheter body. Apertures 334 defined through sheet 

303 at the subassembly distal end 336 allow adhesive 

epoxy applied to the outer sleeve surface 326 to 

flow from the volume defined outside the subassembly 

300 to the volume defined inside of the subassembly 

-- so that a thin layer of polymer or other adhesive 

applied to the subassembly distal end bonds the 

subassembly to the through-lumen outer wall 122.

As can now be appreciated, it is extremely 

advantageous to integrate transducers 70 and 

microcable assembly 116 into a small, discrete
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subassembly 300. Array 66 and associated components 

can be manufactured and tested separately from 

catheter 52, and incorporated into the catheter only 

after full testing is completed.

In addition, subassemblies 300 with different 

transducer array configurations can be produced for 

different applications. For example, a longitudinal 

array of transducers 70 having substrate support, 

backing arrangements and electrical lead attachments 
consistent with minimum space requirements can be 

produced for longitudinal section imaging -- and 

changes in catheter imaging capability can be made 

by fabricating catheters using a different (but 

structurally similar) subassembly structure.

Catheter 52 is shown in phantom in FIGURE 13. 
Once subassembly 300 is assembled and tested, it is 

a relatively simple matter to .incorporate it into 

catheter 52. The portion of through-lumen 108 
which curled sheet 303 surrounds is cut or pulled 

away from the outer catheter tube 110 and the curved 

sheet is either wrapped around the through-lumen 

or slid over the lumen. After epoxing (through 

apertures 334) subassembly 300 to through-lumen 

outer wall 122 and positioning tubing 340, the 

catheter outer tube. 110 is slid over the subassembly 

and the ends of conventional balloon 68 is bonded to 

the catheter outer tube. Subassembly 300 can be 

covered with a layer of insulation if necessary to 

prevent transducers 70 from electrically shorting 

(the face plates may, of course, also act as 
electrical insulators).
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While array 66 carried by subassembly 300 

includes four sets of diametrically opposed
"S

transducers 7' in the preferred embodiment, other 

configurations are also possible. A minimum of one 

transducer 70 is necessary for an ultrasound image 

to be produced. Additional t.ransducers improve 

image resolution and allow a more complete image to 

be produced. Various non-symmetrical geometries 

of piezoelectric crystals may be used to provide 

unique beam patterns. Also, it may be desirable to 

position some transducers to provide a beam pattern 

which is axial to catheter tube 54 (or which is at 

some angle other than radial) in order to allow the 
physician to "look ahead" down the blood vessel and 

view an image of a section of the vessel which the 

catheter has not yet reached.

A curved quarter-wavelength faceplate 
geometry (as shown, e.g., in FIGURE 5B) for 

transducer 70 might be used to provide a desired 

beam pattern -- since in some applications (e.g., in 

catheters for very small blood vessels) it may be 

difficult to provide more than one or two 

transducers within the catheter due to lack of space 

— or additional imaging coverage may be required. 

Obtaining a strong ultrasonic reflection from an 

artery wall tends to require specific alignment of 

the outer surface of catheter 52 with the arterial 

wall. This requirement of strict alignment can be 

relaxed if the beam pattern of transducers 70 can be 

broadened somewhat by using a convex transducer or 

by positioning an ultrasonic lens over the 

piezoelectric element. Convex transducers can be
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grounded or molded ceramic material or film 

stretched over a properly shaped backing (e.g., a 

brass backing). An acoustic lens can be made of a 

material that "helps" acoustic impedance matching 

between the piezoelectric transducer chip and body 

tissue or blood. Convex transducers or acoustic 

lenses are most effective in the near field -- the 
area of interest for catheter 52.

Another possible difficulty arises due to the 

requirement that at least a minimum distance should 

exist between transducer chip upper surface 140 and 
the closest target to be imaged (e.g., the vascular 

wall or a lesion or deposit adhering thereto). This 

requirement exists because the ultrasonic pulse 

transmitted by transducers 70 is much larger in 
magnitude than the ultrasonic pulses received by the 

transducer (due to absorption of much of the energy 
in the transmitted pulse by body tissue). A return 

pulse cannot be readily detected by transducer 70 

until the transmit pulse has decayed to a level 

below the receive pulse level.

For example, suppose ultrasonic transducer 70 

has a relatively wide bandwidth and a Q (quality 

factor) of about 2 (that is, fg/bandwidth = 2). 

Assume transducer 70 resonates at about 20 MHz and 

has a bandwidth of approximately 10 MHz. Range 

resolution along the acoustic beam is inversely 

proportional to bandwidth and is given by the 

expression

RR= c/2B,
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where RR is range resolution, c is the speed of 

sound, and·B is bandwidth. Thus, a wide-bandwidth 

transducer such as is shown in FIGURE 7 has a range 

resolution of about 0.075 mm (for c=1500 m/s).

To first order accuracy, it is proper to assume 

that the initial transmit pulse pre luced by 

transducer 70 in response to electrical excitation 
dies away exponentially as

x(r)

where r denotes range from the transducer.

The transmit pulse must decay to about 1/2A2 

before a return pulse having amplitude A2 can be 

detected by transducer 70. Solving for the 
necessary distance between transducer 70 and the 
target,

A1 e~r/RR = A2/2,

or

θ-r/RR = (1/2) (A2/Ai)t

Taking the natural log, .

-r/RR = In [(1/2) (AyA^ ]

or

r' = -RR In (A2/(2A1))
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where r' is the needed separation between transducer 

70 and the closest target to be imaged.

Pulser 74 typically generates an electrical 

pulse having an initial amplitude of about 100 

volts. Receiver 76 typically amplifies the 

electrical signals produced by transducer 70 in 
response to the returning pulse by about 40 dB to 

generate a 1 volt output. 40 dB of amplification 

amounts to a gain of 100, and thus, the ratio of the 

amplitude of the return signal to the amplitude of 
the transmitted signal is about 1:10,000.

Substituting into the r' equation set forth 

above,

r’ = -0.075 ln(l/20,000) = 0.075 * 9.9,

or

r' = 0.74 mm.

As can be seen, this calculated value for r' is 

rather large. However, actual experimental results 

indicate that acceptable imaging can be obtained 

with less than this minimum spacing between the 

closest target and transducer 70. Nevertheless, 

minimum spacing is a consideration which should be 

taken into account in the design of catheter 52.

To assure this minimum spacing exists, 

transducers 70 might be placed on the inner wall of 

catheter 52 so that the ultrasonic beam produced by
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each transducer passes across the catheter diameter 

and then into the artery (i.e., upper and lower chip 

surfaces 134, 140 are reversed from their obvious 

locations). This "transcatheter imaging" mode of 

operation requires special attention to the position 

of guidewire 88 with respect to array 66 (in order 

to prevent the guidewire from obstructing the 

ultrasonic beams produced by transducers 70), but 

allows image generation in smaller vessels than is· 
possible with transducers mounted on the catheter 

wall and directing energy away from the catheter.

It may also be desirable to tune transducer 

array 66 to a range of different frequencies (e.g., 

10 MHz - 30 MHz) (or to excite the transducer in 

different ways to obtain more detailed information 

concerning tissue density and other properties (thus 

enabling the physician to better distinguish between 

and identify different tissues encountered).

EIGURE 14 shows v her embodiment of an

ultrasonic transducer having a tubular shape. 

Tubular transducer' 270 can. be fabricated by forming 

piezoelectric ceramic into a hollow tubular 

geometry, and further processing it into a tubular, 

high-density array of crystals. A conductive 

material 272 is applied to the inside of the tube to 

establish a. common ground connection (metallic 

sputtering can be used to apply this material). The 

ceramic material must be polarized as part of 

preparation of transducer 270. ■

'he outer transducer surface 274 can be
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subdivided into separate transducer elements using 

precision cuts while the inside surface ?72 is kept 

intact to serve as a common ground connection.

Small ribbon wires (not shown) are attached to the 

outer surfaces 276 for each element and connected to 

microcable assembly 116.

The curved transducer outer surface 274 has 

less angular sensitivity than the flat surface of 

the transducer shown in FIGURE 7, and transducer 270 

concentrates more discrete transducers within a 

smaller volume. In addition, a truly radial slice 

of artery can be imaged, mounting is simplified, and 

cost is reduced using the embodiment shown in FIGURE 

14.

FIGURE 15 shows ah exemplary proximal connector 
56 used to connect the catheter tubing proximal end 

152 to external devices (e.g., imaging device 62 and 

pump 58) . Connector 56 includes a. cable junction 

154, a. connector body 156, and a head 158 having 

circular apertures '160 drilled therethrough. Cable 

junction 154 is preferably hub-injection molded 

from urethane, and securely retains connector 56 to 

catheter tube 54. Microcable assembly 116 is 

lifted from within fluid lumen 110 at point 162 to 

make it available for connection to terminals 160. 

The leads of microcable assembly 116 are connected 

to coaxial cables 72 within, connector body 156 at 
approximately point 164, these coaxial cables 

exiting the body of the connector via apertures 160 

and each terminating in a conventional RF-type 

BNC coaxial connector 64 (see FIGURE 17).
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Connector 56 is filled with urethane potting 

compound after assembly to prevent relative movement 

of the various cables and tubing it joins.

A catheter tubing 166 having only two lumen 

108, 110 and no microcable assembly exits 

connector 56 and terminates in mechanical connector 

60. Connector 60 connects catheter tubing section 

166 to inflation pump 58 and/or to other standard, 

conventional devices (e.g., blood pressure monitor, 
guidewire dispenser, or other commonly found medical 

diagnostic equipment or NDE equipment). A 

conventional side port leur 168 defined in connector 

body 170 is used for pressure monitoring and/or 

media infusion, while a proximal leur port 172 

permits passage of guidewire 88. Catheter tube 

center web 174 (the layer of material separating 

lumen 108, 110) is reformed out of the way and 

bonded to connector hub 176. The catheter tube 

outside surface 178 is bonded to hub 176 using 

urethane adhesive 180.

FIGURE 19 shows an alternative embodiment of 

catheter tubing 54 in accordance with the present 

invention. The embodiment shown in FIGURE 19 has a 

coaxial lumen configuration -- that is, guidewire 

lumen 108 is contained within and is located at 

substantially the center of a larger, outer 

polyethylene outside sheath 202.

Inflation/deflation polyimid capillary tubes 204a, 

204b each having an effective inside diameter of 

0.019 inches and a wall thickness of 0.0241 inches 
function as fluid lumen 110 to permit passage of
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saline solution to and from balloon 68 (two 

capillary tubes are used to ensure the effective 

cross-sectional diameter for fluid flow is 

sufficient to permit very rapid deflation of the 

balloon). Microcable bundle 116 in this 

embodiment includes 38 gauge copper conductors 206 

each plated with silver and insulated with teflon 
coating 208.

FIGURES 20 - 23 show additional embodiments of 

catheter tube 54. In the FIGURE 20 embodiment, 

catheter tube 54 includes a 0.60 inch diameter 

cylindrical outer tube 400 and a cylindrical inner 
tube 402 integral with the outer tube. The FIGURE 

20 tube is extruded as one piece, so that inner tube 

402 shares an outer wall portion 404 in common with 

outer tube 400. The wall of outer tube 400 

(including common wall portion 404) has a uniform 

thickness of 0.007 inch plus or minus 0.001 inch in 
the preferred embodiment.

Inner tube 402 defines a cylindrical passage 

having a diameter of 0.021 inch plus or minus 0.001 

inch in the preferred embodiment which serves as 

thru lumen 108 (i.e., the inner tube contains 

guidewire 88). The crescent-shaped ("smile") 

volume 406 within outer tube 400 not occupied by 

inner tube 402 serves as fluid lumen 110 and also as 

a conduit for microcables 116 (9 microcables in 

the preferred embodiment for an 8 element transducer 

array 66 -- one ground conductor and a conductor for 

each transducer). Alternatively, as depicted in 

FIGURE 6B, only six lead wires need be used to
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accommodate eight transducers. This same 

crescent-shaped lumen 116 conducts contrast/saline 

solution for inflating balloon 68. '

FIGURES 21 and 22 show catheter tubes in which 

some or all of microcables 132 are embedded within 

the polyethylene lumen wall. By embedding the 

microcables within the lumen- wall, interior lumen 

space is not occupied by the microcables and thus, 

the diameter of the catheter tube can be 

significantly decreased. The preferred way of 

embedding the microcables within the lumen wall is 

to extrude the wall over the cables.

In the FIGURE 23 embodiment, coaxial inner and 

outer tubes 430, 432 are used in lieu of a single 

extruded tube structure. Inner tube 430 is an 

extruded polymer tube (e.g., polyethylene or 

teflon) having a diameter of about 0.056 mm -
large enough to easily accommodate a 0.018 inch 

guidewire. Microcables (electrical cables and/or 

optical fibers) are helically wound around inner 

tube 430. Outer tube 432 is a shrink tube (i.e., 

made of a shrink film such as teflon) which is 

slid over the microcables and then heated to 

shrink it into conformance with the structures it 
encloses. This structure contains no fluid lumen so 

it cannot be used without modification for 

dilatation type catheters -- but it is highly 

miniaturized and easy to assemble, and therefore 

finds utility in diagnostic-only catheter 

applications.'
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FIGURES 24-29 show some diagnostic-only 

catheters 500 which can. be used in applications 

where dilatation is not needed. Catheters 500 have 

basically the same structures as the catheters 

described previously, except that they have no 

balloon for dilatation and do not require fluid 

lumens.

FIGURE 24 shows a catheter 500 having a 

longitudinal transducer array 66 used to produce a 

longitudinal sectional image of a vascular segment 

of interest.

FIGURE 25 shows a catheter 500 including three 

staggered pairs of transducers 70, while FIGURE 26 

shows a catheter having a single pair of opposing 
transducers .

FIGURE 2,7 shows a catheter with a circular 

transducer array 66 used to produce a radial 

(cross-sectional) image at a particular vascular 
site. '

FIGURE 28 shows a catheter 500 with double 

staggered, circular radial transducer arrays 66 of 

transducers used to produce a radial 

(cross-sectional) image at a particular vascular 
Site.

FIGURE 29 shows a catheter 500 including a 

circular array of transducers 70 located near the 

distal end of the catheter (or recessed 0 to 2
λ ■»-, 4- 4 λ +· λ ·ν» — -C *·«»«  4- V» λ Ί-Li «4· ri ν» »-34 <—· 4- -, 1 z-v \ ».»4 4» V» —i
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energized (faceplate) surface facing in a 

"look-ahead" position to produce an axial image in 

a vascular section. Individual transducer elements 

70 may be angulated from 0 to 45 degrees from the 

vascular axis to produce different angle images. If 

transducers 70 are recessed from the catheter tip, 

polyethylene or similar material can be disposed at 

the tip to provide sufficient transmissivity of 

ultrasound energy for image generation.

Instead of forming subassembly 300 by folding 

an initially flat carriage, a solid octagonal 

carriage 300' may be electromachined as shown in 

FIGURE 30. Here each face of the cylindrical 

octagonal carriage has an aperture 500 into which an 

assembled ultrasonic transducer 502 can be epoxied 

-- as shown in cross section at FIGURE 31. Each 

transducer 502 includes the backing 504, active 

one-fourth wavelength piezoelectric layer 506 and 

impedance matching faceplate 508. Each transducer 

502 is adhesively affixed within apertures 500 of 
carriage 300' by epoxy 510 to complete the 

transducer subassembly which is thereafter slid over 

catheter through-lumen walls 600 and epoxied 

thereto at 602. Guidewire 108 slidably passes 

through the center of catheter walls 600 with 

suitable clearance as depicted in FIGURE 31.

A new balloon angioplasty catheter design 

having ultrasonic imaging capabilities has been 

described which is sufficiently miniaturized and 

reliable to be used in the manner that ordinary 

balloon-type catheters are presently used and yet
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provides real-time ultrasound images of arterial 

structure, character and response to intervention 

never before available in an angioplasty catheter. 

While the invention has been described in connection 

with what is presently considered to be its most 

practical and preferred embodiments, the invention 

is not limited to the disclosed embodiments but on 

the contrary, is intended to cover all modifications 

and alternate configurations included within the 
scope of the appended claims.

)
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THE CLAIMS DEFINING THE INVENTION ARE AS FOLLOWS:- 

ultra-thin electroacoustic transducer having an 

thickness less than .0075 inch and comprising: 

active piezoelectric layer having a thickness of 

approximately one-fourth wavelength at an intended acoustic 

operating frequency and having an acoustic impedance Zp 

a backing layer affixed to a first face of said 

piezoelectric layer, said backing 

impedance Z2 which is greater than 

a faceplate layer affixed to 
of said piezoelectric layer, said 

thickness of approximately one-fourth wavelength at said 

operating frequency and having an acoustic impedance Z3 

which is approximately the geometric mean of Z1 and the 

expected ambient acoustic impedance during use; and 

electrical lead means for making electrical connections 

said 

layer having an acoustic 

zl;
a second, opposite, face 
faceplate layer having a

first and second faces of the piezoelectric layer.

wherein
30 x 106 to 40 x 106

ultra-thin electroacoustic 
Zj_ is about 27 x 10^ Kg/(M^ 

Kg/(M^ sec).

• · · ·
• · · β

An ultra-thin electroacoustic 

transducer as in claim 1

sec) and Z2 is about

transducer as in claim 1

wherein said electrical lead means includes metallic 

surfaces applied to said first and second faces of the 

piezoelectric lctyer and wherein said backing and faceplate 

layers each comprise powders mixed with epoxy and cured 

directly in place onto their respectively associated faces 

of the piezoelectric layer.

900412, c__sspe. 037, inter. spe, 63

An ultra-thin electroacoustic transducer as in claim 1 

wherein said backing and faceplate layers each comprise an 

epoxy material which is cured directly in place onto their 

respectively associated faces of the piezoelectric layer.

An ultra-thin electroacoustic transducer as in claim 1 

wherein said backing layer comprises Tungsten powder mixed
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with epoxy.

An ultra-thin electroacoustic transducer as in claim 1

wherein said faceplate layer comprises AI2O3 pou-ier mixed 

with epoxy.

7. An ultra-thin electroacoustic transducer as in claim 1 

adhesively mounted within a wall aperture of a cylindrical 

carriage having a through aperture along its axis 

plurality of similar transducers being mounted in 

wall apertures disposed in a circumferentially

array so as to provide an array subassembly of plural said 

transducers disposed within the 

cylindrical carriage.

and with a 

additional

extending

wall apertures of said

transducer as in claim 7 

adhesively affixed within
An ultra-thin electroacoustic

further comprising a catheter tube

said through aperture of the cylindrical carriage.

9. An ultra-thin electroacoustic transducer as in claim 8 

wherein said catheter tube includes a through-lumen for 

slidably passing a guidewire therethrough.

An electroacoustic transducer array subassembly for 
human blood

cylindrical 

a plurality

10.
mounting about a catheter sized to pass through 

vessels, said subassembly comprising:

a carriage structure having a generally 

configuration and including means defining (i)

of circumferentially spaced-apart wall apertures and (ii) an 

axially extending through aperture which is sized and 

configured to fit over at least a portion of said catheter; 

and
plural electroacoustic transducers each of which 

includes a backing layer having a portion which extends into 

a respective said defined wall aperture and is affixed 

therewithin by means of a cured adhesive material, wherein

each said electroacoustic transducer is an ultra-thin 

transducer having an overall thickness less than 0.0075 inch

900412,c^sspe.037,inter,spe,64
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1 and comprises:

2- (a) an active piezoelectric layer having a thickness

3 of approximately one-fourth waveiength at an intended

4 acoustic operating frequency and having an acoustic

5 impedance Z^;

6 (b) a backing layer affixed to a first face of said

7 piezoelectric layer, said backing layer having an acoustic

8 impedance Zg which is greater than Z^;

9 (c) a faceplate layer affixed to a second, opposite,

10 face of said piezoelectric layer, said faceplate layer
11 having a thickness of approximately one-fourth wavelength at

12 said operating frequency and having an acoustic impedance Zg

13 which is approximately the geometric mean of Z^ and an

14 ambient acoustic impedance during use; and

15 (d) electrical lead means for making electrical

16 connections to said first and second faces of the

17 piezoelectric layer.

18
19 11. An electroacoustic transducer array subassembly as in
20 claim 10, wherein Ζγ is about 27 x 10^ Kg/M^ sec) and Zg is
21 about 30 x 10θ to 40 x 10^ Kg/(M^ sec).

22

23 12. An electroacoustic transducer array subassembly as in

24 claim 10 wherein said electrical lead means includes

25 metallic surfaces applied to said first and second faces of

26 the piezoelectric layer and wherein said backing and
27 faceplate layers each comprise powders mixed with epoxy and
28 cured directly in place onto their respectively associated

29 faces of the piezoelectric layer.

30
31 13. An electroacoustic transducer array subassembly as in

32 claim 10 wherein said backing and faceplate layers each

33 comprise an epoxy material which is cured directly in place

34 onto their respectively associated faces of the

35 piezoelectric layer.

14. An electroacoustic transducer array subassembly as In 

claim 10 wherein said backing layer comprises Tungsten

900412,c^sspe.037, inter.spe, 65
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1 powder mixed with epoxy.

2

3 15. An electroacoustic transducer array subassembly as in
4 claim 10 wherein said faceplate layer comprises AI2O3 powder

5 mixed with epoxy.
6

7 16. An electroacoustic transducer array subassembly as in

8 claim 10 where said through aperture of said carriage is

9 adhesively affixed to a catheter tube.

10
11 17. An electroacoustic transducer array subassembly as in

12 claim 10 wherein said catheter tube has a through-lumen for

13 slidably passing over a guidewire.

14
15 18. An ultra-thin electroacoustic transducer substantially

16 as hereinbefore described with reference to any one of the

17 accompanying drawings.

18

19

20
21 DATED THIS 17th April, 1990

22 DAVIES & COLLISON

23 Fellows Institute of Patent

24 Attorneys of Australia.

25 Patent Attorneys for the Applicant

26

27

28

29

30

31
32

33
34

35 

36 

37 

38
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