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SYSTEMS AND METHODS FOR IMPROVING THE RESOLUTION OF AN IMAGING TRANSDUCER

FIELD OF THE INVENTION

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

systems and methods for improving the imaging resolution of an imaging transducer.

BACKGROUND OF THE INVENTION

Intraluminal, intracavity, intravascular, and intracardiac treatments and diagnosis of
medical conditions utilizing minimally invasive procedures are effective tools in many areas of
medical practice. These procedures are typically performed using imaging and treatment
catheters that are inserted percutaneously into the body and into an accessible vessel of the
vascular system at a site remote from the vessel or organ to be diagnosed and/or treated, such
as the femoral artery. The catheter is then advanced through the vessels of the vascular system
to the region of the body to be treated. The catheter may be equipped with an imaging device,
typically an ultrasound imaging device, which is used to locate and diagnose a diseased portion
of the body, such as a stenosed region of an artery. For example, U.S. Pat. No. 5,368,035,
issued to Hamm et al., the entire disclosure of which is incorporated herein by reference,

describes a catheter having an intravascular ultrasound imaging transducer.

Figs. 1a and 1b show an example of an imaging transducer assembly 1 known in the
art. 'fhe imaging transducer assembly 1 is situated within the lumen 50 of a sheath 5 of a
guidewire (partially shown) and is capable of rotating 360° within the sheath 5, about the axis
of the sheath 5. The lumen 50 of the sheath 5 is typically filled with a sonolucent liquid, such
as water or saline that surrounds the transducer assembly 1. The imaging transducer assembly
1 includes a drive shaft 10 and a stainless steel housing 20 coupled to the distal end of the drive
shaft 10, which serves to reinforce the structure of the transducer assembly 1. Toward the
distal end of the housing 20 is a layer of piezoelectric crystal (“PZT") 40, attached to an

acoustic lens 30 exposed to the sonolucent liquid in the lumen 50.

During operation, the imaging transducer assembly 1 may be placed within a blood
vessel at an area where an image is desired, i.e. the imaging environment (not shown). Turning
to FIG. 1b, which shows a cross-sectional view of the imaging transducer assembly 1 of FIG.
1a from the distal end, the transducer assembly 1 then emits energy, via the PZT 40 and

acoustic lens 30, in the form of acoustic beams 60 out of the sheath 5 and into the area being
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imaged. One of the purposes of the sheath 5 is to isolate the imaging transducer assembly 1

from the imaging environment yet maintain sonolucense so as to not distort the beams 60.
These acoustic beams 60 reflect off targets in the area and then return to the transducer
assembly 1. The received reflected beams 60 are then used to generate the desired image. The
drive shaft 10 is used to steer and rotate the transducer assembly 1 within the sheath 5. By
rotating the transducer assembly 1 by 360°, a complete cross-sectional image of the vessel may

be obtained.

The quality of the image depends upon several factors. One of the factors is the width
W of the acoustic beams 60. Accordingly, there is a need for an improved imaging device that
outputs beams with a narrower width in order to increase the resolution of the image and

allows images to be obtained for smaller objects.

SUMMARY OF THE INVENTION

The improved imaging device is intended for use within the lumen of a blood vessel.
Generally, the imaging device includes an imaging transducer, capable of emitting one or more
energy beams. In one embodiment of the invention, the imaging transducer may be surrounded
by a sheath, where the sheath is configured such that when the imaging transducer emits the
one or more energy beams, the sheath narrows the width of the one or more energy beams as
the one or more energy beams exits the sheath.

Other systems, methods, features and advantages of the invention will be or will
become apparent to one with skill in the art upon examination of the following figures and
detailed description. It is intended that all such additional systems, methods, features and
advantages be included within this description, be within the scope of the invention, and be

protected by the accompanying claims.

BRIEF DESCRIPTION OF THE DRAWINGS

In order to better appreciate how the above-recited and other advantages and objects
of the present inventions are obtained, a more particular description of the invention briefly
described above will be rendered by reference to specific embodiments thereof, which are
illustrated in the accompanying drawings. It should be noted that the components in the figures
are not necessarily to scale, emphasis instead being placed upon illustrating the principles of
the invention. Moreover, in the figures, like reference numerals designate corresponding parts
throughout the different views. However, like parts do not always have like reference

numerals. Moreover, all illustrations are intended to convey concepts, where relative sizes,
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shapes and other detailed attributes may be illustrated schematically rather than literally or

precisely.

Fig. 1a is a cross-sectional side view of an imaging transducer assembly known in the art.
Fig. 1b is a cross-sectional distal end view of the prior art imaging transducer assembly of Fig.
la.

Fig. 2 is a cross-sectional distal end view of an imaging transducer assembly in accordance
with an example embodiment of the invention.

Fig. 3 is a top perspective view of an imaging transducer assembly in accordance with an
example embodiment of the invention.

Fig. 4 is a cross-sectional side view of an imaging transducer assembly in accordance with an
example embodiment of the invention.

Fig. 5 is a partial cross-sectional side view of a catheter in accordance with an example

embodiment of the invention.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

Described below are improved imaging devices.

Turning to Fig. 1b, a cross-sectional distal end view of a prior art imaging transducer
assembly 1 within the lumen of a sheath 5, having a curvature, is shown. The purpose of the
sheath 5 is generally to isolate the transducer assembly 1 from the imaging environment. The
sheath 5 is desirably sonolucent so as not to distort the acoustic beams 60 emitted from the
transducer assembly 1. Typically, as the beam 60 exits the sheath 5, the width W of the beam

60 remains substantially constant.

To increase the resolution of the image obtained by an imaging transducer assembly,
the width W of the beam 60 may be narrowed. One approach to narrowing the acoustic beam
emitted from an imaging transducer is shown in Fig. 2, which shows a cross-sectional distal
end view of an imaging transducer assembly 100 located within the lumen 150 of a sheath 105.
The imaging transducer assembly 100 emits an acoustic beam 160 having a width W;. Instead
of the sheath 105 maintaining the width W, of the beam 160, the sheath 105 is configured to
narrow the width of the beam 160 from W, to W5, as explained in detail below. The narrower

width W desirably increases the resolution and precision of the resulting image.

The ability to narrow the width W; of the beam 160 can be explained by using a

physics principle known as Snell’s Law, which states:
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8} n; sin ®; = n, sin ®, wherein,

n; = the refractive index of the incident medium,

®, = the angle of the incidence,

ny = the refractive index in the transmitted medium, and

@, = the angle of refraction.

The refractive index, n, is a constant associated with a particular material, or medium,
and indicates how much the medium will refract an energy beam that reaches the surface of the
medium. The incident medium is the medium in which the incident energy beam is traveling,
and the transmitted medium is the medium in which the refracted energy beam is traveling.
Applying these terms to Fig 2, the incident medium, n;, is the medium within the lumen 150.
This is typically a sonolucent medium, such as water or saline. The transmitted medium, ny, is
the medium of the sheath 105. A common material, for example, for the sheath 105 is
polyethylene (“PE”).

The angle of incidence, ®, is measured between the incident energy beam and the
normal to the surface between the incident and transmitted mediums. The angle of refraction,
®,, is measured between the normal to the surface between the incident and transmitted
mediums and the refracted energy beam. Applying these terms to Fig. 2, the angle of incidence
is angle A, between the normal 170 to the surface of the inside of the sheath 105, exposed to
the lumen 150, and the portion 162 of the energy beam 160 traveling through the lumen 150.
Accordingly, the angle of refraction is angle B, between the same normal line 170 and the
portion 164 of the beam 160 traveling through the sheath 105.

Likewise, the sheath 105 can also be viewed as the incident medium and the area 190
outside of the sheath 105 can be viewed as the refracted medium. Thus, angle C can be viewed
as the angle of incidence, between the normal 180 to the surface of the outside 190 of the
sheath 105 and the portion 164 of the beam 160 traveling through the sheath 105. Further,
angle D can be viewed as the angle of refraction, between the normal 180 to the surface of the
outside 190 of the sheath 105 and the portion 166 of the beam 160 traveling through the
medium outside of the sheath 105. As shown in Fig. 2, the refraction occurring at the inside
surface of the sheath 105 and the refraction occurring at the outside surface of the sheath 105
result in a narrower beam 160 exiting the sheath 105.

In addition to the refractive index, n, a medium may also be characterized by its phase
velocity or sound velocity, v, which is the velocity of propagation of an energy wave, e.g.,
acoustic wave, traveling through the medium. The phase velocity, v, is inversely proportional

to the refractive index, n, and thus, Snell’s Law may be represented as:

4
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@) v, sin @1 = v; sin ®, wherein,

v, = the phase velocity of the transmitted medium,

©® = the angle of the incidence,

vy = the phase velocity of the incident medium, and

@, = the angle of refraction.

Using equation (1) or (2), if the medium within the lumen 150 is viewed as the
incident medium, and the sheath 105 is viewed as the transmitted medium, then if the angle of
refraction, ®,, within the sheath 105, i.e., angle B, is increased to a value at least greater than
angle A, then the acoustic beam 160 will desirably become more narrow, i.e., the value of W,
will be smaller.

There are several approaches to increasing angle B. One approach is to use a sheath
105 material with a higher phase velocity, v,, than the phase velocity of the medium within the
lumen 150, v;. Using equation (2), a higher value v, will result in a higher angle of refraction,
@,, and thus, an increased angle B. For example, if water, which typically has a phase velocity
of approximately 1.5 mm/usec, is used as the medium within the lumen 150, then a sheath 105
material with a higher phase velocity, e.g., 2.0 mm/psec, will result in an increased angle B.

With regard to angles C and D, where angle C is the angle of incidence within the
sheath 105 and angle D is the angle of refraction outside 190 of the sheath 105, often the
transmitted medium outside 190 of the sheath 105 is blood, which typically has substantially
the same phase velocity as water, i.e., 1.5 mm/psec. Accordingly, if the sheath 105 material
has a higher phase velocity than the phase velocity of the medium outside 190 of the sheath
105, then using equation (2), the angle of incidence, angle C, may be larger than the angle of
refraction, angle D. However, because of the curvature of the sheath 105, the normal to the
surface of the outside 190 of the sheath 105 occurs at 180, and thus, the portion 166 of the
beam 160 exiting the sheath 105 is still narrower than the portion 162 of the beam 160 within
the lumen 150 of the sheath 105.

A common sheath 105 material includes a mixture of different types of materials, e.g.,
different types of PE materials. As can be appreciated by one or ordinary skill in the art, the
sheath 105 material may be produced by blending certain percentages of different materials
having different densities, such as Rexene, which has a phase velocity of approximately 2.32
mm/psec and a density of 0.89 g/mm, and Alathon, which has a phase Velbcity of
approximately 2.25 mm/usec and a density of 0.92 g/mm. This may effect the phase velocity
v, of the sheath 105 material. In one example, a sheath 105 material may include 70% Rexene
and 30% Alathon.



10

15

20

25

30

WO 2004/105617 PCT/US2004/012013

Another approach is to increase the thickness of the sheath 105. An increased
thickness may result in moving the normal line 180 to the outside surface of the sheath 105
closer to the center of the beam 160, thus resulting in a narrower beam 160. The thicker sheath
105 may decrease the incident angle within the sheath 105, angle C, and thus decrease the
angle of refraction outside 190 of the sheath 105, i.e., angle D. However, because of the
change in the normal line 180, the resulting beam thickness W will desirably be smaller. The
amount of thickness may depend upon the diameter of the sheath 105 and the dimensions of the
imaging environment, e.g., the diameter of a blood vessel in which the transducer assembly
100 and sheath 105 is located. For a sheath 105 having a diameter of approximately 1 mm and
for a blood vessel having a diameter of at least 6 mm, it may be desirable to have sheath 105
thickness of at least 0.18 mm. In addition, multiple sheath layers may be used (not shown),
and further, each layer may have a higher phase velocity than its neighboring inner layer.

In yet another approach, the radius of curvature of the inside surface of the sheath 105
may be decreased. In this approach, the decreased radius of curvature may cause the angle of
incidence, @y, i.e., angle A, to increase, which may then, using equation (1) or (2), increase the
angle of refraction, ®,, within the sheath 105, i.e., angle B. In another approach, a medium
within the lumen 150 may be selected or produced with a lower phase velocity, vi. Using
equation (2), a medium within the lumen 150 with a lower phase velocity, vi, may result in a
higher angle of refraction, ®,, within the sheath 105, i.e., angle B. For example, typically, the
medium within the lumen 150 is water, which typically has a phase velocity of approximately
1.5mm/pusec. Other liquids or materials may be used that have lower phase velocities than the
phase velocity for water, such as certain types of alcohols, such as ethanol, which has a phase
velocity of 1.207 mm/usec. |

Turning to Fig. 3, a top perspective view of the imaging transducer assembly 100 is
shown. The sheath 105 has a cylindrical shape. Applying x-y-z axes, as shown, one can see
that the portion 162 of the beam 160 along the x-axis is narrowed as the beam 160 exits the
sheath 105. However, by virtue of the cylindrical shape, the portion 165 of the beam 160 along
the y-axis may remain substantially unchanged as the beam 160 exits the sheath 105 because of
the lack of curvature along the y-axis. One approach to narrowing the beam 160 along the
entire perimeter of the beam 160 is shown in Fig. 4, which shows a cross-sectional side view of
an imaging transducer assembly 100 located within the lumen of a sheath 205 having a portion
of the sheath 205 that covers the assembly 100 shaped into a sphere. With the spherical shape,

when the beam 260 exits the sheath 205, the surface area of the beam 260 is reduced along its



10

15

20

25

30

WO 2004/105617 PCT/US2004/012013
entire perimeter, including the portion 262 of the beam 260 along the x-axis and the portion

265 of the beam 260 along the y-axis.

These approaches may be used individually or in any combination with other
approaches mentioned above and/or with other suitable approaches to narrow the beam emitted
from the assembly 100. |

The above descriptions utilize a single transducer assembly 100. However, the
concepts and principles described above are equally applicable to the use of multiple
transducer arrays encased with acoustic beams that are steered either by mechanical rotation or
electronic phasing.

Turning to Fig. 5, the transducer assembly 100 and one of the sheaths described above
may be placed in a distal portion 520 of a guidewire 500. The guidewire 500 may comprise a
guidewire body 302 in the form of a flexible, elongate tubular member, having an outer wall
301. The guidewire body 302 may be formed of any material known in the art including
nitinol hypotube, metal alloys, composite materials, plastics, braided polyimide, polyethylene,
peek braids, stainless steel, or other superelastic materials.

The length of the guidewire 500 may vary depending on the application. Ina
preferred embodiment, the length of the guidewire 500 is between 30 cm and 300 cm. A
catheter (not shown) may be configured to use several different diameters of guidewires 500.
For example, the guidewire 500 may have a diameter of .010, .014, .018, or .035 inches.
Typically, the diameter of the guidewire 500 is uniform.

A proximal portion 510 of the guidewire 500 may be adapted to connect to circuitry
(not shown) that processes imaging signals from the imaging transducer, such circuits well
known in the art.

In the foregoing specification, the invention has been described with reference to
specific embodiments thereof. It will, however, be evident that various modifications and
changes may be made thereto without departing from the broader spirit and scope of the
invention. For example, the reader is to understand that the specific ordering and combination
of process actions described herein is merely illustrative, and the invention can be performed
using different or additional process actions, or a different combination or ordering .of process
actions. For example, this invention is particularly suited for applications involving medical
imaging devices utilizing acoustic imaging devices, but can be used on any design involving
imaging devices in general, such as optical or light imaging devices. As a further example,
each feature of one embodiment can be mixed and matched with other features shown in other

embodiments. Additionally and obviously, features may be added or subtracted as desired.
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Accordingly, the invention is not to be restricted except in light of the attached claims and their

equivalents.
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WHAT IS CLAIMED

1. An imaging system for use in a human body, comprising;
a catheter having a sheath defining a lumen; and

an imaging device adapted to emit at least one energy beam, the imaging device being
located within the lumen of the sheath and the sheath being configured to narrow the at least

one energy beam emitted by the imaging device.

2. The imaging system of claim 1, wherein the sheath has a phase velocity larger than the

phase velocity of the lumen.

3. The imaging system of claim 2, wherein the sheath has a phase velocity greater than 1.5
mm/psec.

4, The imaging system of claim 1, wherein the sheath has a thickness that narrows the

energy beam.

5. The imaging system of claim 1, wherein the sheath comprises a mixture of Rexene and

Alathon, where the amount of Rexene exceeds the amount of Alathon.

6. The imaging system of claim 5, wherein the sheath comprises about 70% Rexene and
about 30% Alathon.
7. The imaging system of claim 1, further comprising a medium in the lumen of the

sheath, the medium having a phase velocity smaller than the phase velocity of the sheath.
8. The imaging system of claim 1, wherein the sheath is cylindrical.

9. The imaging system of claim 1, wherein the portion of the sheath that covers the

imaging device is spherical.

10.  The imaging system of claim 1, further comprising one or more additional layers of

sheath material surrounding the sheath.

11.  The imaging system of claim 10, wherein each layer has a phase velocity and the phase

velocity of each later increases from the innermost layer to the outermost layer.
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12.  The imaging system of claim 1, wherein the at least one energy beam includes an

acoustic beam.

13.  The imaging system of claim 1, wherein the at least one energy beam includes a light

beam.

14.  The imaging system of claim 1, wherein the imaging device includes an imaging

transducer.

15.  The imaging system of claim 1, wherein the imaging device includes an energy

emitting means for emitting the at least one energy beam.

16.  The imaging system of claim 1, wherein the sheath includes means for narrowing the at
least one energy beam from the imaging device so that at least one narrowed energy beam exits

the imaging device and impinge on a portion of the human body.

17.  The imaging system of claim 12, further comprising a medium within the lumen, the
medium having a phase velocity, and the sheath having a phase velocity greater than the phase

velocity of the medium within the lumen.

18.  The imaging system of claim 1, wherein the sheath has a curvature that causes the

narrowing of the at least one energy beam.

19.  The imaging system of claim 12, wherein the sheath has a thickness that narrows the at

least one energy beam.

20.  The imaging system of claim 19, wherein if the diameter of the sheath is approximately

1 mm, then the thickness of the sheath is at least 0.18 mm.
21.  The imaging system of claim 12, wherein the sheath is cylindrical.

22.  The imaging system of claim 12, wherein the portion of the sheath that covers the

imaging transducer assembly is spherical.

23.  The imaging system of claim 12, wherein the sheath has a radius of curvature that

narrows the at least one energy beam as the beam exits the sheath.

24.  The imaging system of claim 14, wherein the at least one energy beam includes an

acoustic beam.

10
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25.  The imaging system of claim 14, wherein the at least one energy beam includes a light

beam.

11
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