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(57) ABSTRACT

An ultrasound imaging catheter system includes a pivot head
assembly coupled between a ultrasound transducer array and
the distal end of the catheter. The pivot head assembly
includes a pivot joint enabling the transducer array to pivot
through a large angle about the catheter centerline in response
pivot cables controlled by a wheel within a handle assembly.
Pivoting the ultrasound transducer array approximately 90°
once the catheter is positioned by rotating the catheter shaft
and bending the distal section of the catheter, clinicians may
obtain orthogonal 2-D ultrasound images of anatomical struc-
tures of interest in 3-D space. Combining bending of the
catheter by steering controls with pivoting of the transducer
head enables a greater range of viewing perspectives. The
pivot head assembly enables the transducer array to pan
through a large angle to image of a larger volume than pos-
sible with conventional ultrasound imaging catheter systems.
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FIG. 3
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ULTRASOUND IMAGING CATHETER WITH
PIVOTING HEAD

FIELD OF THE INVENTION

[0001] The present invention relates generally to catheters
and more particularly to a steerable ultrasound imaging cath-
eter with a pivoting head.

BACKGROUND

[0002] Catheters for insertion and deployment withinblood
vessels and cardiac chambers are well-known in the art. A
variety of catheters are now utilized in the diagnosis and
treatment of cardiac disease. Among the ensemble of cath-
eters used in cardiac care are ultrasound imaging catheters
which can be inserted within the heart (i.e., intracardial) to
obtain two-dimensional ultrasound images of heart structures
and measure blood flow. Such intracardial echocardiography
(ICE) catheters provide cardiologist and heart surgeons with
unique viewing perspectives beneficial to diagnosis and treat-
ment of heart diseases.

[0003] To obtain diagnostically useful images, an ultra-
sound imaging catheter can be positioned next to or within the
vessels and chambers of the heart. Typically, the catheter is
introduced into a patient through the femoral, subclavian or
jugular veins and maneuvered into the right atrium. From
there an ultrasound imaging catheter can image the heart
anatomy including both left and right atriums, ventricles, the
valves, and the atrial and ventricular septal walls. The catheter
can also be advanced through the tricuspid valve into the right
ventricle from which the right and left ventricles, the septum,
the valves and the left atrium may be imaged.

[0004] Traditionally there have been two basic methods for
positioning ultrasound imaging catheters within the cham-
bers of the heart. In the first method a guide wire is threaded
through the patient’s vascular structure via catheterization
and under fluoroscopy until the distal end reaches a proper
position for imaging. A sheath is then extended over the guide
wire. Finally, the guide wire is withdrawn and the ultrasound
imaging catheter inserted into the sheath. Held in relative
position by the sheath, the imaging catheter can be advanced
to penetrate deeper into the heart or rotated in order to scan of
the heart.

[0005] The second method uses a steerable ultrasound
imaging catheter to maneuver the catheter into position with-
out the use of a guide wire. An example of a steerable ultra-
sound imaging catheter 1 is provided in FIGS. 1 and 2. Such
steerable catheters 1 included a bendable portion 9 near the
ultrasound transducer assembly 4 at the distal end of an elon-
gated catheter body 2. Steering is achieved by tensioning a
steering cable attached at or near the distal portion and run-
ning down the interior of the catheter to a wheel or knob in the
handle 7. When the steering cable is tensioned while the
catheter shaft is restrained, the tip will deflect resulting in a
bend near the distal end of the catheter as illustrated in FIG. 2.
Alternatively, the steering cable may be restrained while the
shaft portion 2 is advanced distally, producing the same
effect. Typically the induced bend has a radius of curvature of
about four inches within an arch defining a plane of fixed
orientation with respect to the catheter body 2 and handle 7.
The catheter shaft (2) can also be rotated clockwise or coun-
terclockwise to direct the ultrasound transducer face in the
desired direction. By rotating the catheter shaft and bending
the distal curve 9 the transducer face can be directed as
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needed. Electrical/signal coaxial cables to/from the ultra-
sound transducer assembly 4 pass through the catheter body 2
and through the handle 7 to exit as a cable 8 for connection to
ultrasound imaging equipment. By being able to bend the
distal portion 9 of the catheter, the catheter body 2 can be
maneuvered through the patient’s vein and into heart cham-
bers without the need for the extra time and steps required by
the guide wire and sheath catheterization method.

[0006] While the steerable ultrasound catheter obviates the
need for a sheath and guide wire, the viewing angle of the
ultrasound imaging catheter is restricted due to the bend 9 in
the catheter that must be made to properly position the ultra-
sound imaging assembly 4 within a heart chamber. Rotating
the catheter shaft by rotating the handle would cause the
ultrasound imaging assembly 4 to swing about. As the trans-
ducer face is linear and parallel to the catheter shaft, and
because the two directional controls are limited, the, current
design steerable ultrasound catheters provide a limited three-
dimensional viewing perspective.

SUMMARY OF THE INVENTION

[0007] The various embodiments provide an ultrasound
imaging catheter with a pivoting head portion which enables
the ultrasound imaging transducer array to be pivoted about a
hinge with a near-zero radius of curvature. The pivot motion
of the ultrasound imaging transducer array is controlled from
ahandle, such as by pivot cables connected to a control wheel
in the handle. Pivoting the ultrasound imaging transducer
array through a large angle, such as 90° from the centerline of
the catheter, enables clinicians to obtain intracardiac ultra-
sound images from different perspectives without reposition-
ing the catheter itself. In an embodiment, the ultrasound
imaging transducer array is capable of being pivoted plus and
minus 90° from a center line position (i.e., parallel to the main
axis of the catheter). In an embodiment, the catheter may also
be steerable including a capability of bending a distal portion
of the catheter through a finite radius of curvature by steering
cables controlled from the handle. By combining bending of
the catheter with pivoting of the transducer head, greater
viewing perspectives can be provided. Embodiments include
a handle assembly featuring two control actuators for con-
trolling the steering and pivoting mechanisms of the attached
catheter. The various embodiments are not necessarily lim-
ited to ultrasound imaging catheters, and may be imple-
mented in any catheter that may benefit from having a distal
tip capable of pivoting about a hinge.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] The accompanying drawings, which are incorpo-
rated herein and constitute part of this specification, illustrate
exemplary embodiments of the invention, and, together with
the general description given above and the detailed descrip-
tion given below, serve to explain features of the invention.
[0009] FIG. 1 is a perspective view of a prior art steerable
ultrasound catheter.

[0010] FIG. 2 is a perspective view of the steerable ultra-
sound catheter depicted in FIG. 1 with a bend induced in a
distal portion.

[0011] FIG. 3isaperspective view of an embodiment of the
present invention.

[0012] FIG. 4 is a detail of a distal portion of the embodi-
ment illustrated in FIG. 3.
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[0013] FIGS. 5A-5C are cross-sectional views of a portion
of the embodiment illustrated in FIG. 3.

[0014] FIGS. 6A-6D are perspective views of components
within a portion of the embodiment illustrated in FIG. 3.
[0015] FIG. 7 is a side view of the distal portion of the
catheter embodiment illustrated in FIG. 3 showing a stage of
assembly.

[0016] FIG. 81is a side view of the distal portion illustrated
in FIG. 7 showing the portion after assembly.

[0017] FIG.9isaperspective view of an embodiment of the
pivot head assembly.

[0018] FIG. 10 is across-sectional view of the embodiment
shown in FIG. 9.

[0019] FIGS. 11-13 are perspective views of another
embodiment of the pivot head assembly showing different
angles of rotation.

[0020] FIG. 14 is a perspective view of a handle portion of
the embodiment illustrated in FIG. 3.

[0021] FIGS. 15-17 are cross-sectional views of the handle
portion illustrated in FIG. 14.

[0022] FIGS. 18A-18C are perspective views of the cath-
eter portion of an embodiment illustrating the ultrasound
imaging plane at three different angles of rotation.

[0023] FIGS. 19A-19C are perspective views of the cath-
eter portion of an alternative embodiment illustrating the
ultrasound imaging plane at three different angles of rotation.
[0024] FIGS. 20 and 21 are cross sectional images of a
representative heart illustrating an embodiment ultrasound
imaging catheter positioned within the right ventricle of a
heart by cardiac catheterization via the femoral vein.

DETAILED DESCRIPTION

[0025] The various embodiments will be described in detail
with reference to the accompanying drawings. Wherever pos-
sible, the same reference numbers will be used throughout the
drawings to refer to the same or like parts. References made to
particular examples and implementations are for illustrative
purposes, and are not intended to limit the scope of the inven-
tion or the claims.

[0026] As used herein, the terms “about” or “approxi-
mately” for any numerical values or ranges indicates a suit-
able dimensional tolerance that allows the part or collection
of components to function for its intended purpose as
described herein. Also, as used herein, the terms “patient,”
“host” and “subject” refer to any human or animal subject and
are not intended to limit the systems or methods to human use,
although use of the subject invention in a human patient
represents a preferred embodiment.

[0027] As used herein, the term “catheter” is used as a
general reference to any elongated tubular assembly which
may be introduced into an animal or human for medical
purposes. Accordingly, references to catheters are not
intended to limit the scope of the invention or the claims to
any particular forms of catheters, known catheter systems or
other subcutaneous medical probes.

[0028] Steerable ultrasound catheters known in the art limit
the degree to which the ultrasound imaging transducer array
can be rotated once positioned within a patient’s heart. For
example, it can be seen in FIG. 20 that once the ultrasound
imaging catheter 12 has been positioned within the right
ventricle 302, the bend in a bendable portion 48 of the catheter
required to pass the transducer array 18 through the tricuspid
valve 309 limits the degree to which the catheter can be turned
to adjust viewing angles. In this position, further manipula-

Oct. 22, 2009

tion of the catheter 12, such as a rotation, would cause the
transducer array portion 18 to stress the tricuspid valve 309 or
impact other heart structures. Consequently, when a steerable
ultrasound imaging catheter is positioned to image a region of
interest, there is a limited ability to obtain images along
different imaging planes without significant movement and
repositioning of the catheter. This limits a clinician’s view of
a structure of interest to narrow two-dimension (2D) image
slices. However, for many procedures there would be diag-
nostic benefits if the clinician could obtain images of a struc-
ture of interest on orthogonal imaging planes. For example,
by imaging a ventricle along two orthogonal imaging planes,
an accurate estimate of ventricle volume can quickly be
obtained.

[0029] Inorder to overcome the limitations of the prior art,
the various embodiments provide a pivot mechanism coupled
to the ultrasound transducer array assembly which is config-
ured to enable a clinician to pivot the transducer array through
asharp angle, such as 90° in either direction with a zero radius
of curvature. The embodiments include a hinge or pivot joint
configured so that the path of the transducer array through the
full range of rotation is constrained to a plane with respect to
the catheter. The pivot motion and rotational position of the
transducer array with respect to the catheter can be controlled
by a pivot cable connected to a control actuator (e.g., a wheel
coupled to a spool) in a handle assembly. The control actuator,
handle assembly and pivot head are configured so that a
clinician can accurately control the angle of rotation of the
transducer array. The catheter assembly may or may not be
steerable. If the catheter assembly is steerable, a separate
steering mechanism is provided in the handle assembly and
coupled to a bendable portion of the catheter which is separate
from the pivot head assembly. So configured, the various
embodiments enable a clinician to steer the catheter through
a patient’s vascular structure in order to place the transducer
array in a proper position within the patient’s body to image a
structure of interest, and then pivot the transducer array in
order to obtain different imaging perspectives without other-
wise repositioning the catheter.

[0030] Anembodiment of a steerable catheter assembly 10
1s illustrated in FIG. 3. In this embodiment, the steerable
catheter assembly 10 includes an elongated tubular member
12 coupled to a transducer array assembly 18 at the distal end,
and to a handle assembly 70 at the proximal end. The steer-
able catheter assembly 10 includes a bendable portion 48
which can be controlled from the handle assembly 70 in order
to steer the catheter through a patient’s vascular structure.
Coupled between the transducer array assembly 18 and the
distal end of the elongated tubular member 12 is a pivot head
assembly 50. The pivot head assembly 50 permits the trans-
ducer array assembly 18 to be pivoted through an angle, such
as approximately 90° as illustrated in FIG. 3.

[0031] Inapreferred embodiment, the pivot head assembly
is positioned at or just beyond the distal end of a bendable
portion 48 of the elongated tubular member 12 as illustrated
in FIG. 4. As mentioned above, the pivot head assembly 50
includes a hinge (illustrated in subsequent figures) so that the
transducer array assembly 18 can be rotated or pivoted with a
zero radius of curvature. In contrast, the bendable portion 48
has a radius of curvature that typically will be approximately
4 inches, which is a dimension determined by the typical path
requirements of the human vascular structure leading to the
heart. In an embodiment illustrated in FIG. 4, the pivot head
assembly 50 may be configured so that the rotational plane
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through which the transducer array 18 pivots is orthogonal to
the plane of curvature of the bendable portion 48 of the
elongated tubular member 12. In other embodiments, the
plane of rotation of the transducer array assembly 18 may be
parallel to the plane of curvature of the bendable portion of the
elongated tubular member 12 or at an angle between parallel
and perpendicular. As FIG. 4 illustrates, the pivot head assem-
bly 50 permits the transducer array assembly 18 to be posi-
tioned and oriented in a manner that is not achievable using
known steerable catheters.

[0032] The embodiment illustrated in FIG. 4 features a
transducer array assembly 18 having a flat face 18a. In other
embodiments, the transducer array assembly 18 includes a
cover portion which presents a circular or ovoid cross-sec-
tion. Thus, the flat face 184 shown in FIG. 4 is but one
embodiment. Nevertheless, this illustration demonstrates a
feature of transducer array assemblies typical in ultrasound
imaging catheters. Due to the severe space restrictions
imposed by the small diameter of intracardiac catheters, the
ultrasound imaging transducer is typically limited to a linear
phased array made up of several individual transducer ele-
ments, such as 64 transducers. The transducers have a flat
surface from which sound is omitted and echoed sound is
received. As is well known in the art, the individual transducer
elements are pulsed by an ultrasound control system so that
the emitted sound waves are constructively combined into a
primary beam. By varying the time at which each transducer
element is pulsed, the ultrasound control system can cause the
transducer array to omit narrow sound beams which can be
swept through an arc in order to obtain a 2D image. As a
result, the transducer array emits ultrasound along a plane
which is perpendicular to the face of the transducer arrays.
Thus, as illustrated by the dashed arrow 186 in FIG. 4, the
transducer array assembly 18 emits sound along a plane
which is perpendicular to the flat face 184 the assembly. Thus,
when the transducer array assembly 18 is rotated about the
pivot head assembly 50 to 90° from the catheter centerline as
illustrated in FIG. 4, the plane of the 2D ultrasound image is
orthogonal to the plane of the 2-D ultrasound image that will
be generated when the ultrasound imaging array 18 is posi-
tioned at a zero angle of rotation (i.e., parallel to the centerline
of the elongated tubular array 12).

[0033] It should be noted that FIG. 4 illustrates just one
example embodiment, specifically one in which the ultra-
sound imaging plane is perpendicular to the plane of rotation
(i.e., parallel to the axis of rotation of the pivot head assembly
50). In other embodiments, the transducer array assembly 18
may be configured to image along planes at a different angle
with respect to the plane of rotation, an example of which is
described more fully below with reference to FIGS. 19A-
19C.

[0034] Before describing further details regarding the pivot
head assembly, the characteristics and construction of the
elongated tubular member 12 and bendable portion 48 (i.e.,
the portion of the catheter assembly between the handle
assembly 70 and the pivot head assembly 50) will be
described with reference to FIG. 5A through FIG. 8.

[0035] Many catheters used in intravascular applications
are about 90 cm in insertable length. The elongated tubular
member 12 of the catheter assembly 10 of the various
embodiments can range from about 80 cm ininsertable length
to about 120 ¢m in insertable length. In one embodiment, the
elongated tubular member 12 of the catheter assembly 10 is
about 90 cm in length. Some applications, such as veterinar-
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ian imaging of large animals (e.g., horses), will benefit from
catheters having a longer insertable length. Thus, the elon-
gated tubular member 12 of the catheter assembly 10, can also
be about 100 cm, about 110 cm, about 120 cm, or even longer
in length.

[0036] Most catheters used in intravascular applications,
particularly those with ultrasound transducers, are at least
about 10 French in diameter. The electronics and wires
needed forultrasound transducer arrays have made it imprac-
tical and expensive to reduce the size of such catheters below
about 10 French. Nevertheless, there are benefits in reducing
the diameter of the catheter, and technology advances may
enable the electronics and control structures to be further
reduced in size. The bundling arrangement of the coaxial
cables, steering and pivot cables and steering and pivot
mechanisms described in more detail below, make it possible
to effectively reduce the diameter below about 10 French, to
about 9 French, about 8 French, about 7 French, or even about
6 French (approximately 2 mm). Accordingly, the elongated
tubular member 12 of the catheter assembly 10 can range
from about 6 to about 12 French in diameter.

[0037] Referring to FIG. 3, the catheter assembly 10
includes an elongated tubular member 12 having a proximal
end 14 and a distal end 16. In an embodiment, the material for
the tubular member is extruded polyether block amide of the
type sold by Atochem North America, Inc. under the trade-
mark PEBAX. Depending on the intended use of the catheter,
the tubular member can be made of PEBAX 7233 having a
Shore Durometer hardness of approximately 72 D, PEBAX
7033 having a Shore Durometer hardness of approximately
69 D, PEBAX 6333 having a Shore Durometer hardness of
approximately 63 D, PEBAX 5533 having a Shore Durometer
hardness of 55 D, PEBAX 4033 having a Shore Durometer
hardness of 40 D, PEBAX 3533 having a Shore Durometer
hardness of 35 D, or PEBAX 2533 having a Shore Durometer
hardness of 25 D. Different sections along the length of the
tubular member 12 can be made from different grades of
PEBAX to give the catheter assembly 10 variable flexibility
along its length. The tubular member 12 can also be formed
from other materials, such as other polymeric materials that
have excellent shape retention characteristics. For example,
the tubular member 12 can be made of polyethylene, silicone
rubber, or plasticized PVC.

[0038] Located at the distal end of the elongated tubular
member 12 is the pivot head assembly 50 and the ultrasound
transducer assembly 18. The transducer assembly 18 can be
formed from an array of individual ultrasound elements as is
well known in the art. There may be forty-eight or more such
ultrasound elements 20 that form the transducer assembly 18.
In a preferred embodiment the transducer assembly 18 is a
sixty-four element linear phased array ultrasound imaging
sensor. One example of an ultrasound transducer that can be
incorporated into the catheter assembly 10 is the ultrasound
imaging catheter marketed under the trademark ViewFlex®
by EP MedSystems, Inc. of West Berlin, N.J. In addition to
the ultrasound transducers and associated circuitry, the trans-
ducer assembly 18 may include other electronics, such as a
temperature sensor (e.g., a thermistor) as disclosed in U.S.
Pat. No. 6,908,434 entitled “Ultrasound Imaging Catheter
Isolation System With A Temperature Sensor,” the entire
contents of which are hereby incorporated by reference.
[0039] The elongated tubular member 12 may include a
section that is configured to preferentially bend or bend in
response to tensions applied by steering cables so as to pro-
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vide improved catheter maneuverability and to decrease the
risk of damage to an anatomical structure, such as a blood
vessel or heart chamber during advancement of the catheter
tip. By including a flexible tubular portion 22 within or
attached to the elongated tubular member 12, the catheter
assembly 10 will tend to bend at that more flexible portion
when a force is applied (e.g., from encountering an obstruc-
tion or from tension applied to an internal steering cable).
Thus, for example, the Shore Durometer hardness of the
material forming the flexible tubular portion 22 can be about
35 D to 63 D, or more preferably about 40 D to about 55 D.
Different grades of PEBAX as described above, for example,
can be used to make the flexible portion 22 have the desired
flexibility. In some embodiments, a bendable portion subas-
sembly 48 illustrated in FIGS. 6A-6F is configured with a
flexible tubular portion 22 and other structures so that a bend
in that portion can be controlled by tension applied through
steering cables 42, 44. In other embodiments, a flexible tubu-
lar portion 22 is included in or attached to the elongated
tubular member 12 so that when the catheter assembly is
advanced through a patient’s vascular structure, the tubular
member 12 bends freely at the flexible tubular portion 22
when the distal tip of the transducer assembly 18 contacts a
vessel wall.

[0040] Located at the proximal end 14 of the tubular mem-
ber 12 is a handle assembly 70. As described more fully below
with reference to FIGS. 14-17 the handle assembly 70 can
include a steering control mechanism such as a rotatable
control knob, handle or wheel, slide actuator, or other suitable
manipulating member that controls tension applied to one or
more steering cables 42, 44 that extend through the lumen of
the tubular member 12 to a point near the distal end of a
bendable portion subassembly 48 for controlling the bending
movement of the catheter proximate the transducer assembly.

[0041] Before assembling the catheter portion of the cath-
eter assembly 10, the transducer array assembly 18 is coupled
to the pivot head assembly 50 as described in more detail
below with reference to FIGS. 9-11. This creates a pivoting
transducer assembly 67, illustrated in FIGS. 7 and 8, from
which extends a bundled 30 of coaxial cables, a pivot cable
conduit 60 including one or more pivot cables 62, 64, and any
other electrical leads connected to the transducer array
assembly 18. This assembly can then be coupled to the bend-
able portion 48 which is coupled to the elongated tubular
member 12 as described more fully below.

[0042] Details of a portion of the structures contained
within the elongated tubular member 12 are illustrated in FIG.
5A which shows a lateral cross section of the tubular member
12. These structures are also illustrated in FIGS. 5B and 5C
which show cross sectional views of the tubular member 12 at
the indicated cross sections 5B and 5C, respectively. The
elongated tubular member 12 is hollow and has a lumen
extending therethrough. Nested within the lumen of the elon-
gated tubular member 12 is a bundle 30 of electrical cables 26,
asteering cable conduit 43 for one or more steering cables 42,
44, and a pivot cable conduit 60 including one or more pivot
cables 62, 64. In the illustrated embodiment, the electrical
cables 26 are coaxial cables suitable for use with ultrasound
transducers. The cable bundle 30 is formed by bundling
together all of the coaxial cables 26 that are necessary to
operate the transducer assembly 18. The bundle 30 will pref-
erably carry a corresponding number of coaxial cables 26 to
match the number of elements in the transducer. For example,
if the transducer assembly 18 is a forty-eight element trans-
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ducer, then generally forty-eight coaxial cables 26 will form
the bundle 30, and if the transducer assembly 18 is a sixty-
four element transducer, then generally sixty-four coaxial
cables 26 will form the bundle 30. In one embodiment, for
example, the transducer assembly 18 can have a sixty-four
element parallel drive phased array, in which case the bundle
30 has at least sixty-four coaxial cables 26. It should be
appreciated, however, that the cross-sectional diameter of the
catheter assembly 10 can be reduced by reducing the number
of coaxial cables 26 and, correspondingly, the number of
elements in the transducer assembly 18. It should be appre-
ciated that none of the embodiments described herein are
limited by the number of elements in the transducer assembly
18. It should be further appreciated that in other forms of
catheters, such as ablation and electrophysiology catheter
embodiments, the electrical cables 26 will be configured as
appropriate for connecting sensor or therapy elements to
external equipment, and may be coaxial, twisted pair, dual
stranded or single stranded electrical conducting cables as
appropriate to such applications.

[0043] In the embodiment shown in FIG. SA, the coaxial
cables 26 are bundled within a protective sheath 28 forming
an ovular or rectangular cross-section. The protective sheath
28 may be formed from polyamide or PVC. The bundle 30
can include various types of filler material (not shown), such
as Pebax, to provide the catheter assembly 10 with different
shape retention and rigidity characteristics. In another
embodiment, the coaxial cables are spun together along with
one or more filler materials to form a bundle 30 having an
ovular or rectangular cross-section.

[0044] As shown in FIGS. 5A through 5C, a hollow steer-
ing cable conduit 43 includes a lumen that carries one or more
steering cables 42 and 44. Similarly, a hollow pivot cable
conduit 60 includes a lumen that carries one or more pivot
cables 62, 64. It should be appreciated that in embodiments
that do not include steering capabilities (e.g., catheters which
make use of a flexible tubular portion 22 without steering
capability) there will be no need for the steering cable conduit
43 or the steering cables 42, 44. In the embodiment shown in
FIGS. 5A through 5C, the steering cables 42 and 44 are nested
together and the pivot cables are nested together along most of
the length of the elongated tubular member 12. Nesting the
steering and pivot cables together along the length of the
elongated tubular member 12 insurers that a bend in the
proximal end of the elongated flexible member 12 will have
minimal or no affect on the steering at the distal end of the
catheter. If the steering cables and pivot cables are not nested
together, a kink or bend at any point along the length of the
catheter assembly 10, such as near the proximal end 14, could
cause a corresponding bend at the distal end of the catheter
assembly 10 or an unintended pivoting of the transducer array
assembly 18. This is because a steering and/or pivot cable on
the outside of the bend will be more displaced by the bend
than a steering and/or pivot cable on the inside of the bend,
causing an unintentional pulling force by the cables.

[0045] Near the distal end of the steering cable conduit 43,
the steering cables 42 and 44 may diverge as illustrated at
cross section 5C. Steering cable 42 remains on one side of the
bundle 30, while steering cable 44 is threaded around the
bundle 30 to the other side thereof. When a pulling force is
applied to one steering cable 42, that steering cable 42 applies
a corresponding pulling force to one side of the distal end of
the elongated tubular member 12, thus bending the distal end
of the catheter assembly 10 in one direction along a plane
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identified by line 29 shown in FIG. 5C. In addition to the
placement of steering cables 42, 44 on opposite sides of the
elongated tubular member 12, the rectangular or oval shape of
the cable bundle 30 helps constrain the bending of the bend-
able portion 48. As a result of the ovular or rectangular cross
section of the bundle 30, the bundle 30 will preferentially or
selectively bend in two directions that are approximately 180°
opposite each other along the plane identified by line 29 in
FIG. 5C. That is, under an applied force, the cable bundle 30
will bend about the longer sides of the oval or rectangle and
resist bending along the shorter sides.

[0046] In an embodiment, shape memory filler material
may be incorporated into the bundle 30 to help retain a bend
until a pulling force applied to the steering cable 44 applies an
opposite force to the distal end of the elongated tubular mem-
ber 12 causing the bendable portion 48 to return to a straight
configuration or to another bend configuration within the
bending plane 29. In another embodiment, shape memory
filler material is not incorporated into the bundle 30, and a
pulling force must be maintained in order to maintain the
bend at the distal end of the catheter assembly 10.

[0047] The ovular or rectangular cross-section of the
bundle 30 provides ample space on the long sides of the
rectangle for additional wiring, such as the steering cable
conduit 43, the pivot cable conduit 60, working elements or
tools, and wiring from additional sensors, such as for example
temperature sensors (e.g., a thermister) and/or electrodes
(e.g., electrophysiology electrodes).

[0048] FIGS. 6A through 6E illustrate the bending portion
subassembly 48 of the catheter assembly 10 proximal the
transducer assembly 18. This bending portion subassembly
48 provides the attachment point for the steering cables 42, 44
and the flexible tubular member 22 that enable inducing a
controllable bend in the catheter assembly 10. As illustrated
in FIG. 6A, the bending portion subassembly 48 includes a
small hollow cylinder 34 coupled to the flexible tubular mem-
ber 22 (shown in FIG. 6B) at the distal end. The flexible
tubular member 22 may be, for example, silicon, Pebax or
polyethylene with an outside diameter of about 9 French and
about 1 to about 8 inches in length.

[0049] As shown in FIG. 6C the hollow cylinder 34
includes holes 36 and 38 formed in the outer wall to which a
steering cable 40 can be connected. In the embodiment illus-
trated in FIG. 6D, one steering cable 40 passes through the
interior of the cylinder 34, out of the hole 36, around the outer
circumference of the cylinder 34 and back through the hole 38
to the interior or lumen of the cylinder 34. As a result, two
steering cables 42, 44 are essentially formed from the oppo-
site ends 42 and 44 of a single steering cable 40. These two
steering cable ends 42 and 44 are lead down through the
lumen of the elongated tubular member 12 to the handle
assembly 70, where the steering cables are coupled to a steet-
ing mechanism described below with reference to FIGS.
14-17. If the steering mechanism asserts a pulling force
against one of the two steering cables, such as steering cable
42, for example, the steering cable 42 pulls on the cylinder 34
at hole 36 causing the cylinder to twist toward the tensioned
steering cable 42. The force on the cylinder 34 causes the
flexible tubular member 22 to bend in a first direction towards
steering cable 42. As a result, the distal portion of the catheter
assembly 10 forms a bend in the first direction. When the
steering mechanism applies a pulling force on the other steer-
ing cable 44, the steering cable 44 pulls on the cylinder 34 on
the side of the other hole 38, causing the flexible tubular
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member 22 to bend in a second direction opposite the first
direction toward steering cable 44.

[0050] In an embodiment, the two steering cable ends 42
and 44 are connected, such as by fusing or tying the ends,
forming a single, elongated loop within the catheter assembly
10. In this embodiment, the steering cable elongated loop
may be wrapped around a pulley or spindle, for example, in
the steering mechanism within the handle assembly 70 which
can be turned, such as by the operator turning an attached
handle or wheel, to exert a pulling force on one side of the
elongated loop while letting out the other side of the elon-
gated loop.

[0051] In an alternative embodiment (not shown), two
separate steering cables are used rather than looping one
steering cable over cylinder 34. A distal end of the first steer-
ing cable is threaded through the cylinder 34 and out the hole
36. The distal end of the first steering cable is secured to the
outer wall of the cylinder 34 adjacent the hole 36 by an
adhesive, enlarged knot, wrapping it around a screw fastened
to the cylinder 34 or other means. A distal end of the second
steering cable is threaded through the cylinder 34 and out the
hole 38. The distal end of the second steering cable is secured
to the outer wall of the cylinder 34 adjacent the hole 38 by an
adhesive, enlarged knot, wrapping it around a screw fastened
to the cylinder 34 or other means. The proximal ends of each
of the steering cables are threaded through the lumen of the
elongated tubular member 12, such as through the steering
cable conduit 43, out the proximal end of the elongated tubu-
lar member 12, and connected to the steering mechanism
within the handle assembly 70.

[0052] The one or more steering cables 42, 44 may com-
prise a strand, wire, and/or thread, and is preferably made
from low profile, durable, non-elastic and non-conducting
material. For example, the steering cable(s) can be made of
synthetic materials, such as nylon or similar synthetic fibers,
or plastics material, such as urethane, Teflon®, Kynar®, Kev-
lar®, polyethylene, multistranded nylon, or gel-spun polyeth-
vlene fibers. For example, the steering cables may be multi-
stranded Spectra® brand nylon line sold as Spiderwire®
fishing line (10 Ibs. test).

[0053] Once the steering cable 40 is assembled on the cyl-
inder 34, the flexible tubular member 22 is connected to the
cylinder 34, by inserting the proximal end of the cylinder 34
through the distal end of the flexible tubular member 22 as
illustrated in FIG. 6E. Thereafter, an adhesive or fastener (not
shown) may be applied to the area where the steering cable 40
abuts the distal end of the flexible tubular member 22 to fix the
steering cable 40 and cylinder 34 in place against the flexible
tubular member 22. Alternatively, the flexible tubular mem-
ber 22 and cylinder 34 may be frictionally engaged, with the
opposite ends of the steering cable 40 immovably trapped
between the lumen of the flexible tubular member 22 and the
outer wall of the cylinder 34.

[0054] Once the steering cable 40, cylinder 34 and flexible
tubular member 22 are combined to form the bending portion
subassembly 48, the subassembly is slid over the proximal
end of the cable bundle 30 and is moved toward the ultrasound
transducer assembly 18 as shown in FIGS. 7 and 8. As the
parts are assembled, the distal end of the cylinder 34 may fit
over a support cylinder 32 coupled to the proximal end of the
pivot head assembly 50. The pivot head assembly 50 may
include a recessed fitting to receive the cylinder 34.

[0055] During assembly the steering cable end 42 is posi-
tioned so that it is aligned with one of the long sides of the
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ovular or rectangular of the cable bundle 30. Similarly, the
other steering cable end 44 is positioned so that it is aligned
with the other long side of the ovular or rectangular cross-
section cable bundle 30. This can be achieved by aligning the
holes 36 and 38 with the long sides of the cable bundle 30
when the subassembly 48 is slid over the cable bundle 30 and
steering cable ends 42 and 44 and connected to the transducer
assembly 18.

[0056] To connect the proximal end of the flexible tubular
member 22 to the distal end of the elongated tubular member
12, a cylindrical connector member (not shown) similar to the
cylinder 34 but without the holes in the side walls can be
guided over the proximal ends of the cable bundle 30 and
steering cable ends 42 and 44 and into the lumen of the
flexible tubular member 22. The outer diameter of the cylin-
drical connector member can be just slightly smaller than the
diameter of the lumen of the flexible tubular member 22 so
that it can slide into the flexible tubular member 22.

[0057] The last step of assembling the catheter portion of
the catheter assembly 10 involves the elongated tubular mem-
ber 12, which forms the outer surface of the catheter assembly
10. The elongated shaft 12 has an outer diameter of about 6
French to about 9 French, and an inner diameter large enough
to encompass the cable bundle 30, steering cable and pivot
cable conduits 43, 60, and any other included wires (not
shown). The elongated tubular member 12 is guided over the
cable bundle 30 and cable conduits 43, 60. The elongated
tubular member 12 is pushed forward until its distal end over
the cylindrical connector member and abuts the proximal end
of the flexible tubular member 22. Once in place, the distal
end of the cylindrical connector member may be secured to
the flexible tubular member 22 using an adhesive on the outer
wall of the cylindrical connector member, on the inner lumi-
nal wall of the flexible tubular member 22 or at the interface
between the two tubular members. Alternatively, the cylindri-
cal connector member may be secured to the inner luminal
wall of the flexible tubular member 22 through friction or
mechanical collar or latch (not shown).

[0058] Details of the pivot head assembly 50 are illustrated
in FIGS.9-13. The pivot head assembly 50 includes a hinge or
pivot point, an example of which is illustrated in FIG. 9. In
this embodiment, the hinge comprises a pintle 51 forming a
flexible joint between an inner hinge support member 57
coupled to a base member 59 and outer hinge support mem-
bers 53 coupled to a proximal end of the transducer array
assembly 18. The hinge may be configured so that the inner
hinge support member 57 can slip between the two outer
hinge support members 53 with minimal friction but with
sufficient lateral support so that the transducer array assembly
18 is constrained to pivot about the pintle 51 within a plane.
The two outer hinge support members 53 include a through
hole into which the pintle 51 is inserted. The pintle 51 may be
held in position in the two outer hinge support members 53 by
friction, adhesive, a spring clip, a cap over the holes, or other
means. To enable smooth rotation of the transducer array
assembly 18 about the pintle 51, a lubricant or a low friction
surface, such as Teflon®, may be deposited on the inner
surfaces of the two outer hinge support members 53, on a
central portion of the pintle 51 and/or on the surfaces of the
inner support member. The base member 59 may be config-
ured to couple to the bending portion subassembly 48, such as
by fitting over the support cylinder 32 as illustrated in FIGS.
7 and 8. Thus when assembled to the bending portion subas-
sembly 48 the base member may abut the flexible tubular
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member 22 as illustrated in FIGS. 8 and 9. The bundle 30 of
coaxial cables 26 and other electrical wires running from the
transducer array assembly 18 are fed between the transducer
array assembly 18 and the base member 59 with sufficient
play to enable the pivot head to traverse a full 180° (i.e., 90°
in either direction from 0° deflection) without binding or
disconnecting any cable from the transducer array. The
bundle 30 is omitted from FIG. 9 so that the structure of the
hinge can be illustrated.

[0059] Pivot cables 62, 64 extend from the base member 59
on either side of the inner hinge support member57. The pivot
cables 62, 64 are connected to one or both of the two outer
hinge support members 53 so that when one of the pivot
cables is placed in tension the pivot head assembly 50 pivots
the transducer array 18 about the pintle 51. The pivot cables
62, 64 may comprise a strand, wire, and/or thread, and are
preferably made from low profile, durable, non-elastic and
non-conducting material. For example, the pivot cables 62, 64
can be made of synthetic materials, such as nylon or similar
synthetic fibers, or plastics material, such as urethane,
Teflon®, Kynar®, Kevlar®, polyethylene, multistranded
nylon, or gel-spun polyethylene fibers. For example, the
steering cables may be multistranded Spectra® brand nylon
line sold as Spiderwire® fishing line (4-10 1bs. test).

[0060] An example of how the pivot cables 62, 64 may be
connected to one or both of the two outer hinge support
members 53 is shown in FIG. 10. In the illustrated example
the pivot cables 62, 64 connect to opposite sides of the two
outer hinge support members 53 and loop around the pintle 51
so that a full 180° of rotation can be accomplished by ten-
sioning one or the other of the two pivot cables 62, 64. As can
be seen in FIG. 10, tensioning pivot cable 64 causes the
transducer array assembly 18 to pivot from 0° deflection to a
positive 90° deflection as illustrated. As the transducer assem-
bly 18 deflects from 0° to a positive 90° angle of deflection,
the other pivot cable 62 is allowed to loop under one of the two
outer hinge support members 53. So positioned, the pivot
cable 62 has leverage on the outer hinge support member 53
so that when it is tensioned, the transducer array assembly 18
can be deflected from positive 90° deflection all the way
around to -90° deflection. The routing of pivot cables 62, 64
illustrated in FIG. 10 is but one illustration of how pivot
cables can be connected to the transducer array assembly 18,
and is not intended to be limiting.

[0061] An alternative configuration embodiment for the
hinge or pivot joint is illustrated in FIGS. 11-13. Referring to
FIG. 11, the hinge in this embodiment is formed from a
proximal hinge support member 56 coupled to the base mem-
ber 59, a distal hinge support member 55 and a pintle 51
positioned within tubular portions 56a and 55« of the proxi-
mal hinge support member 56 and distal hinge support mem-
ber 55, respectively. A through hole 52 in each of the proximal
and distal hinge support members 56, 55 is provided to accept
the pintle 51 with sufficient clearance to enable low friction
rotation, but with sufficient diameter to constrain the rotation
of the transducer array assembly 18 to a plane perpendicular
to the through hole 52 axis. Lubricant or low friction materi-
als, such as Teflon®, may be provided in the inner surface of
the through hole 52, on the surfaces ofthe pintle 51, and/or the
interfacing surfaces between the tubular portions of the proxi-
mal and distal hinge support members 56, 55. Once
assembled, the pintle 51 may be held in place within the
through hole 52 by a spring clip, adhesive, cap, or other
known mechanisms for retaining a pin within a hole. In an
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embodiment, the pintle 51 may be integral to one of the
proximal or distal hinge support members 56 or 55 and con-
figured to fit within a through hole 52 within the other support
member. As discussed above with regard to FIG. 9, the base
member 59 may be configured to easily couple to the rest of
the catheter assembly 10 so that the base member 59 abuts the
flexible tubular member 22 as illustrated.

[0062] The pivot cables 62, 64 may connect to an outer
surface of the distal support member 55, such as by being
threaded through a hole 54 and secured in place, such as by
use of an adhesive, a large knot, or an end cap on the pivot
cable 62. Alternatively, the pivot cable 62 may pass through
the hole 54, laterally across the distal hinge support member
55 and out a hole (not shown) on the other side to exit as pivot
cable 64. So configured, tensioning of one pivot cable 62, 64
will cause the distal portion of the pivot head assembly to
rotate in the direction of the tensioned cable. This is illustrated
in FIGS. 12 and 13 which show the transducer array assembly
18 rotating through an angle in response to tension applied to
pivot cable 62. FIGS. 11-13 show the pivot cables 62, 64
exiting the base member 59 on the same side as their connec-
tion to the distal hinge support member 55. However, the
pivot cables may cross within the space between the hinge
point in the base member 59 so that they enter the base
member 59 on opposite sides similar to the arrangement
illustrated in FIG. 10.

[0063] The coaxial cable bundle 30 is omitted from FIGS.
11-13 so that the structural details of the pivot head assembly
50 can be seen. However, the cable bundle 30 will be posi-
tioned to pass around the pivot joint (i.e., elements 51, 55a
and 56a) with sufficient slack so that the transducer array
assembly 18 can be rotated through a full 180° without ten-
sioning the cable bundle 30.

[0064] As discussed above, the transducer array assembly
18 and pivot head assembly 50 may be assembled as a first
step in the assembly of the catheter assembly 10. Cables
leading from the transducer array assembly 18 are threaded
around the pivot joint and through the base member 59. Pivot
cables 62, 64 are attached to the distal hinge support member
55 and threaded through the base member 59. The hinge is
assembled by positioning the hinge members (either the inner
and outer hinge support members 53, 57, or the proximal and
distal hinge support members 56, 55) to align the hinge
through holes 52 and slipping the pintle 51 into the aligned
through holes. Finally, the pintle 51 is retained within the
hingejoint, such as by positioning spring clips on or caps over
the ends of the pintle 51.

[0065] Asa final assembly step, the transducer array assem-
bly 18 and pivot head assembly 50 may be covered by one or
more protective coverings which are omitted from FIGS.
11-13 in order to reveal the details of the pivot head assembly
50. Such a protective covering or coverings may be one or
more closed end tubular members which may be made from
any of the materials described herein for the various sections
of the catheter assembly 10. An acoustic window may be
provided on the distal end of the protective covering config-
ured from materials that have the appropriately acoustic char-
acteristics to provide a proper acoustic coupling between the
transducer array assembly 18 on the inside and body fluids on
the outside. A flexible portion of the protective covering may
be positioned over the pivot joint part of the pivot head assem-
bly 50. The protective covering may be fused or coupled to the
rest of the catheter assembly (e.g., by frictional couplings or
adhesives). Once the protective covering is in place over the
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transducer array assembly 18 and pivot head assembly 50 and
fused to the rest of the catheter assembly 10, the distal end of
the catheter assembly will be smooth and sealed to prevent
intrusion by body fluids.

[0066] At the proximal end of the catheter assembly 10 is a
handle assembly 70 providing controls for manipulating the
pivot head assembly 50 as well as controlling the bending
portion subassembly 48 of steerable catheters. FIG. 14 illus-
trates an embodiment of the handle assembly 70. In this
embodiment, the handle assembly 70 includes a grip portion
72, a steering control manipulator 74 and a pivot control
wheel 78. In this embodiment, the steering control manipu-
lator 74 is configured as a rotatable cylinder which is coupled
by a screw mechanism to a slide actuator which is shown in
more detail in FIGS. 15 and 17. In other embodiments, the
steering control manipulator 74 may be in the form of a slide
or control wheel positioned within the handle as is known in
the art.

[0067] The pivot control wheel 78 is configured as two
coaxial wheels in this embodiment each rotating about an
axle positioned within an axle support hole 79 within a pivot
wheel support structure 76. The pivot control wheel 78 is
accessible through openings 120 (shown in FIG. 17) on
opposing sides of the handle assembly 70. So configured, the
pivot control wheel 78 can be actuated by either the left or
right hand, allowing left- and right-handed clinicians to
manipulate the control wheel with one hand and without
having to switch hands.

[0068] The handle assembly 70 may also include a transi-
tion region cover 80 and a catheter transition piece 82 which
together ensure a structural and functional transition from the
elongated tubular member 12 to the handle assembly 70. At
the proximal end of the handle assembly 70 is a cable support
structure 84 through which electrical cables 86 are passed.
The electrical cables 86 contain all of the coaxial and other
electrical connectors linked to the transducer array assembly
18. The electrical cables 86 extend to a connector (not shown)
which is structured to connect to ultrasound imaging equip-
ment, such as an ultrasound imaging system isolation box
assembly as described in U.S. patent application Ser. No.
10/998,039 entitled “Safety Systems and Methods for Ensur-
ing Safe Use of Intracardiac Ultrasound Catheters,” published
as U.S. Patent Application Publication No. 2005/0124899,
the entire contents of which are hereby incorporated by ref-
erence.

[0069] The handle assembly 70 may be configured in
pieces to aid fabrication and assembly. For example, the grip
portion 72 may be fabricated in upper and lower portions 72a,
72b, which can be fit together and secured using threaded
fasteners through faster holes 90. Such construction is illus-
trated in FIG. 15 which reveals internal structures of the
handle assembly 70 with the upper grip portion 72a portion of
the handle structure removed.

[0070] Referring to FIG. 15, the cable support structure 84
may be configured as a cylinder with ridges configured to fit
within corresponding grooves within the upper and lower grip
portions 72a, 72b. The cable support structure 84 may include
internal structures for transitioning the cable bundle 32 into
an external cable having the necessary insulation, RF shield-
ing and protective layers so that the electrical cables 86 com-
plies with requirements for electrical cables used in medical
devices. The cable support structure 84 may include internal
structures to ensure that tensions and torque applied to the
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external electrical cables 86 is not transmitted to the relatively
fragile internal cable bundle 30.

[0071] The cable bundle 30 extends along the centerline of
the handle assembly 70 from the cable support structure 84
through to a cable transition portion 94 where the cable
bundle 30 is joined with the steering and pivot cables before
entering into the proximal end 92 of the elongated tubular
member 12.

[0072] FIG. 15 reveals how the steering control manipula-
tor 74 interfaces with a slide actuator 98 within aslide slot 102
of an inner support structure 100. In the illustrated embodi-
ment, the steering control manipulator 74 includes internal
threads 75 (shown in FIG. 17) which engage the partial
threads on the slide actuator 98. When the steering control
manipulator 74 is turned in either a clockwise or counter-
clockwise direction, the internal threads 75 cause the slide
actuator 98 to move longitudinally (i.e., proximally or dis-
tally) within the slot 102. Longitudinal movement of the slide
actuator 98 causes one of the steering cables 42, 44 to be
tensioned while the other cable is loosened. As a result, rota-
tional movement of the steering control manipulator 74 can
be translated into bending forces applied to the bendable
portion subassembly 48 as described above.

[0073] FIG. 15 also reveals how the pivot control wheel 78
may be comprised of upper and lower pivot control wheels
78a, 78b each rotating about an axel 96. Rotation of the upper
and lower pivot control wheels 78a, 785 drive rotation of a
spool 110 (shown in FIG. 16) for controlling the tensioning of
pivot cables as shown in more detail in FIG. 16.

[0074] On the distal side of the pivot control wheel 78 may
be positioned a transition region 94 within the transition
region cover 80 in which the various internal parts of the
catheter assembly are brought together prior to entering into
the elongated tubular member 12. In this region, the cable
bundle 30, the steering cables 42, 44 (if present), pivot cables
60 2, 64, and other electrical leads are configured into an
arrangement suitable for being threaded into the elongated
tubular member 12. At this point, the steering cables 42, 44
may thread into the steering cable conduit 43, and the pivot
cables may threaded into the pivot cable conduit 60.

[0075] Further details of the handle assembly 70 are
revealed in FIG. 16 which shows the assembly with the con-
trol manipulator 74 and the upper pivot control wheel 784
removed. As this figure shows, the grip portion 72 may extend
over the proximal portion of the handle assembly 70. The
internal support structure 100 supporting the slide actuator 98
and associated internal mechanisms for controlling steering
cable tension may be configured to extend beyond the grip
portion 72, couple to a ring support 114 for the control
manipulator 74, and couple to the proximal end of the pivot
wheel support structure 76. The ring support 114 provides a
bearing support for the control manipulator 74 to permit the
manipulator cylinder to be rotated smoothly in either direc-
tion. The ring support 114 may be coupled to the internal
support structure 100 by threaded connectors, adhesives or
other known methods for coupling structures together. The
internal support structure may be formed in two halves as
illustrated in FI1G. 16 to facilitate assembly. The internal sup-
portstructure 100 also provides aslot 102 for constraining the
lateral movement of the slide actuator 98.

[0076] FIG. 16 reveals details of the pivot cable tensioning
spool 110 which couples to the upper and lower pivot control
wheels 78a-78b by dowels 112. The pivot cable tensioning
spool 110 may comprise an upper and lower spool between

Oct. 22, 2009

which the cable bundle 30 can pass. One ofthe pivot cables 62
or 64 is wound about the upper pivot cable tensioning spool
110 in the clockwise direction, while the other pivot cable 62
or 64 is wound about the lower pivot cable tensioning spool
110 in the counterclockwise direction. In this manner, rota-
tion of the pivot control wheels 78 causes one of the pivot
cables to be tensioned while the other pivot cable is loosened.
[0077] Thehandle assembly 70 may also include a steering
cable bypass guide structure 106 which serves to route the
steering cables 42, 44 around the pivot cable tensioning spool
110. This structure may include a guide plate 104 for redi-
recting the steering cables in line with the cable bundle 30
prior to entering into the proximal end 92 of the elongated
tubular member 12. Also, the structure may include a proxi-
mal guide 108 to past the steering cables smoothly through
the transition provided in the internal support structure 100
before they are connected to the slide actuator 98.

[0078] FIG. 16 also reveals how the pivot wheel support
structure 76 may be fabricated in two halves which can be
coupled together by threaded fasteners through the fastener
holes 90. In assembly, the lower pivot control wheel 785 can
be lowered into position and rotatably coupled to the lower
pivot wheel support structure 76a by an axel 96 which
engages an axel support hole 79 (shown in F1G. 14). The axel
96 may include a central shaft having a through hole for
accommodating the cable bundle 30. The lower pivot cable
tensioning spool 110 can be positioned in the lower pivot
control wheel 794, after which the cable bundle 28 may be
threaded through the assembly before the upper pivot cable
tensioning spool 110 is positioned in place. At this point, the
steering cable bypass guide structure and guide plates may be
positioned around the cable tensioning spool 110 and the
steering cables routed through the structure to extend into the
internal structure 100. Finally, the upper pivot control wheel
78 is installed on the upper pivot cable tensioning spool 110
by sliding over the dowels 112, and the upper pivot wheel
support structure (not shown separately). The upper pivot
wheel support structure is attached to the lower pivot wheel
support structure 76a such as by using threaded fasteners
through fastener holes 90. The pivot wheel support structure
76 may then be joined to the internal structure 100, such as by
threaded fasteners, locking joints or adhesives.

[0079] FIG. 17 is a lateral cross-section view of the handle
assembly 70 which reveals other internal structure details of
illustrated embodiment. For example, as shown in the high-
lighted region 116, the internal support structure 100 may be
configured with tangs and grooves to engage corresponding
structures in the grip portion 72 in order to firmly position in
the two pieces together. The slide actuator 98 may include a
portion 118 which extends radially inward between the two
halves of the internal support structure 100 in order to engage
the steering cables (not shown in FIG. 17). FIG. 17 also
reveals the internal threads 75 on the steering control manipu-
lator 74.

[0080] FIG. 17 shows how the axel 96 engages the axel
support hole 79 within the pivot wheel support structure 76.
FIG. 17 shows a two part axel 96 with a lower axel piece 96a
shown in place, while the upper axel piece 96 is removed in
order show further details about the structure. However, the
axel 96 may be provided as a single member which engages
both the upper and lower portions of the pivot wheel support
structure 76. FIG. 17 also reveals the opening 120 in the pivot
wheel support structure 76 for accommodating the pivot con-
trol wheels 78.
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[0081] FIG. 17 also shows a cross-sectional view of the
catheter transition piece 82 which may be a tubular member
made of flexible material similar to that of the elongated
tubular member 12. With a diameter which tapers gradually
from the proximal end to the distal end, the catheter transition
piece 82 can transition bending stresses so that the elongated
tubular member 12 is rigidly supported as it enters the tran-
sition region cover 80 without applying a bending force with
a sufficiently small radius of curvature to cause the elongated
tubular member 12 to kink. A flange and groove attachment
configuration 112 may be provided for attaching the catheter
transition piece 82 to the transition region cover 80.

[0082] A key operational advantage provided by the vari-
ous embodiments is illustrated in FIGS. 18A-18C. These
figures illustrate the catheter assembly as it may appear when
placed within a patient during the conduct of ultrasound
imaging. In particular, the bendable portion assembly 48 of
the catheter is bent as may be necessary to position the trans-
ducer array assembly 18 within a patient’s heart. In this con-
figuration, the transducer array assembly 18 can obtain 2-D
ultrasound images along the imaging plane 68, which in this
illustration is shown as normal to the plane of the paper.
Depending upon the examination procedure, a clinician may
need to obtain a second 2-D ultrasound image along an
orthogonal imaging plane. To do so, the clinician actuates the
pivot head assembly 50 (as described more fully above with
reference to FIGS. 9-17) to rotate the transducer array assem-
bly 18 through approximately 90° as illustrated in FIG. 18B.
As this figure illustrates, the ultrasound imaging planes 68 is
now oriented at right angles to the imaging claim illustrated in
FIG. 18A. Thus, an orthogonal 2D ultrasound image can be
obtained without any movement or other manipulation of the
catheter assembly 10 which would fundamentally change the
viewing perspective. Thus, the clinician is able to obtain two
orthogonal 2D ultrasound images of the same region of inter-
est. Inaddition to obtaining orthogonal imagery, the clinician
may also obtain imagery at any angle between the 0° and 90°
deflections illustrated in FIGS. 18A.-18B.

[0083] In some positions within the chambers of the
patient’s heart it may not be possible to deflect the transducer
array assembly 18 in the manner illustrated in FIG. 18B due
to the presence of nearby heart structure. In such a situation,
the clinician may manipulate the pivot head assembly 50 to
cause the transducer array assembly 18 to pivot through 90° in
the opposite direction as illustrated in FIG. 18C. Again, the
ability to deflect the transducer array assembly 18 through
90° between the positions shown in FIGS. 18A and 18C and
enables the clinician to obtain orthogonal 2D ultrasound
images. Clinicians may also benefit from obtaining a 180°
scan of ultrasound images of a structure of interest by incre-
mentally rotating the transducer array assembly from the
position illustrated in FIG. 18B to the position illustrated in
FIG. 18C.

[0084] The foregoing embodiments show the transducer
array assembly 18 oriented so that the imaging surface is
parallel to the plane of rotation provided by the pivot head
assembly 50. In this configuration, the imaging plane is
orthogonal to the rotational plane, such as illustrated in FIGS.
18A-18C. However, different orientations of the transducer
array assembly may be employed in other embodiments. For
example, FIGS. 19A-19C show an embodiment in which the
transducer array assembly 18 is oriented so that the 2-D
ultrasound imaging plane 68 is parallel to the rotation plane of
the pivot head assembly 50. In this configuration, the trans-
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mission surface of the transducer array assembly 18 is per-
pendicular to the plane of rotation. In this embodiment, rota-
tion of the pivot head assembly 50 enables the transducer
array assembly 18 to provide ultrasound images which pan
through 180°. In this manner, the ultrasound transducer array
18 can provide the clinician with ultrasound images of all
structures surrounding the pivot head assembly 50 within the
imaging plane. Such a catheter assembly 10 may be beneficial
in diagnostic procedures where the clinician needs to conduct
a survey of the heart and does not have a particular structure
of interest at the start of the exam. This embodiment catheter
assembly 10 may be used in procedures in combination with
the previously described embodiment catheter, with one type
of catheter used to conduct a broad survey of the patient’s
heart and the other catheter used to obtain orthogonal imagery
as may be necessary for certain procedures, such as ventricle
ejection fraction estimation.

[0085] Diagnostic benefits of the various embodiments
may be understood with reference to FIGS. 20 and 21 which
illustrate the transducer array assembly 18 positioned within
the right ventricle 302 of a patient’s heart 301. In order to
properly place the transducer array assembly 18 into position
for imaging the left atrium 310 and bicuspid valve 308, the
elongated tubular member 12 can be introduced into the
patient’s vascular structure via the femoral vein. Using fluo-
roscopic imaging to monitor the catheter’s position, a clini-
cian can advance the distal portion of the catheter into the
right atrium 304. In order to guide the catheter through turns
in the patient’s vascular structure, the clinician may rotate the
steering control mechanism 74 in order to introduce a bend
into the bendable portion subassembly 48. The clinician may
also rotate the entire catheter assembly 10 by rotating the
handle assembly 70 in order to orient the bend as necessary to
align with the twists and turns in the vascular structure. Once
the distal portion of the catheter assembly 10 is in the right
atrium 304, the clinician may rotate the steering control
mechanism 74 so as to introduce an acute bend in the bend-
able portion subassembly 48 in order to direct the transducer
array assembly 18 through the tricuspid valve 309 and into the
right ventricle 302, as shown in FIG. 20. In this position, the
field of view of the transducer array assembly 18 (indicated
by dotted lines 68) can include portions of the right ventricle
302, the septum 306, the left atrium 310, the bicuspid valve
308, the left ventricle 303, and the left ventricular wall 305. If
the transducer array assembly 18 is directed the other way
(e.g., if the catheter assembly 10 is turned 180 degrees) the
right ventricle 302 and right ventricular wall 307 can be
imaged. It is worth noting that if the clinician were to twist the
catheter assembly 10 while the catheter is positioned as illus-
trated in FIG. 20, the transducer array assembly 18 would
swing about the long axis 12a of the elongated tubular mem-
ber 12, which could injure the tricuspid valve 309 or cause the
transducer array assembly 18 to strike the right ventricular
wall 307 or the septum 306.

[0086] To obtain an orthogonal ultrasound image, the cli-
nician can rotate the pivot control wheel 78 in order to cause
the transducer array assembly 18 to pivot approximately 90°
as illustrated in FIG. 21. In this position, a 2D ultrasound
image can be obtained along with the image plane illustrated
by the dashed line 68. In this illustration, the 2-D ultrasound
image plane is perpendicular to the surface of the paper and
extends through an angle which allows imaging of portions of
the right ventricle 302, the septum 306, and the left atrium
310.
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[0087] While FIGS. 20 and 21 illustrate accessing a
patient’s heart via the femoral vein, access may also be
obtained through the jugular or subclavian veins in which
case the elongated tubular member 12 would be introduced
through the superior vena cava and from the top of the right
atrium 304.

[0088] While the foregoing embodiments are described in
the context of an ultrasound imaging catheter, it should be
appreciated that the pivot head assembly and associated struc-
tures may also be used in other catheter applications where a
zero radius of curvature bend or pivot is required. Thus, the
present invention is not necessarily limited to ultrasound
imaging catheters, and may be implemented in any catheter
that may benefit from having a distal tip capable of pivoting
about a hinge.

[0089] While the present invention has been disclosed with
reference to certain exemplary embodiments, numerous
modifications, alterations, and changes to the described
embodiments are possible without departing from the sphere
and scope of the present invention, as defined in the appended
claims. Accordingly, it is intended that the present invention
not be limited to the described embodiments, but that it have
the full scope defined by the language of'the following claims,
and equivalents thereof.

I claim:

1. An ultrasound imaging system, comprising:

a catheter having a proximal end and a distal end;

apivot assembly coupled to a distal end of the catheter; and

an ultrasound imaging transducer assembly coupled to the
pivot assembly.

2. The ultrasound imaging system as in claim 1, wherein

the pivot assembly comprises:

a proximal support structure coupled to the catheter;

adistal support structure coupled to the ultrasound imaging
transducer; and

apintle having a long axis, wherein the proximal and distal
support structures are rotatably coupled by the pintle to
form a hinge joint.

3. The ultrasound imaging system of claim 2, further com-

prising:

a first pivot control cable coupled to the distal support
structure and threaded through the catheter to the proxi-
mal end of the catheter; and

a second pivot control cable coupled to the distal support
structure and threaded through the catheter to the proxi-
mal end of the catheter.

4. The ultrasound imaging system of claim 3, further com-
prising a handle assembly coupled to the proximal end of the
catheter, the handle assembly comprising a pivot control
actuator coupled to the first and second pivot control cables
and configure so that movement of the pivot control actuator
tensions one of the first and second pivot control cables suf-
ficient to cause the pivot assembly to pivot about the hinge
joint.

5. The ultrasound imaging system of claim 4, wherein the
pivot control actuator comprises:

a pivot wheel support structure;

an axel positioned within the pivot wheel support structure;

a pivot wheel rotatably coupled to the pivot wheel support
structure via the axel; and

a spool coupled to the pivot wheel and to the a first and
second pivot control cables, wherein the first and second
pivot control cables are coupled to the spool so that
rotation of the pivot wheel in a first direction causes the
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first pivot control cable to be tensioned while the second
pivot control cable is loosened and rotation of the pivot
wheel in a second direction opposite the first direction
causes the second pivot control cable to be tensioned
while the first pivot control cable is loosened.

6. The ultrasound imaging system of claim 4, further com-
prising:

abendable portion subassembly coupled between the pivot
assembly and the distal end of the catheter;

first and second steering cables coupled to the bendable
portion subassembly; and

a steering control actuator coupled to the handle assembly
and the first and second steering cables,

wherein the steering control actuator, first and second
steering cables and bendable portion subassembly are
configured so that actuation of the steering control
actuator in a first actuator direction causes the bendable
portion subassembly to bend in a first bending direction
and actuation of the steering control actuator in a second
actuator direction opposite the first actuator direction
causes the bendable portion subassembly to bend in a
second bending direction.

7. The ultrasound imaging system of claim 6, wherein the
ultrasound imaging transducer assembly is oriented with
respect to the catheter so that an imaging plane of the is
orthogonal to a plane defined by a bend in the bendable
portion.

8. The ultrasound imaging system of claim 2, wherein the
ultrasound imaging transducer assembly is oriented with
respect to the hinge joint so that an imaging plane is parallel
to the long axis of the pintle.

9. The ultrasound imaging system of claim 2, wherein the
ultrasound imaging transducer assembly is oriented with
respect to the hinge joint so that an imaging plane is perpen-
dicular to the long axis of the pintle.

10. The ultrasound imaging system of claim 6, wherein
steering control actuator comprises:

a cylinder encircling and rotatably coupled to the handle
assembly, the cylinder having threads on an interior
surface; and

a slide actuator slidably coupled to the handle assembly
and to the first and second steering cables, the slide
actuator having partial threads on an outer surface con-
figured to engage the threads on the interior surface of
the cylinder, wherein:

the handle assembly includes a slot configure to constrain
motion of the slide actuator parallel to a long axis of the
handle assembly;

the slide actuator is coupled to the first and second steering
cables so that when the slide actuator moves in a proxi-
mal direction the first steering cable is tensioned while
the second steering cable is loosened and when the slide
actuator moves in a distal direction the second steering
cable is tensioned while the first steering cable is loos-
ened.

11. The ultrasound imaging system as in claim 1, wherein
rotational movement of the pivot assembly has a zero radius
of curvature.

12. A method for imaging an interal organ of a patient,
comprising:

positioning an ultrasound imaging catheter within the
internal organ of the patient, the ultrasound imaging
catheter including a pivot assembly coupled to a distal
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end ofthe catheter and an ultrasound imaging transducer
assembly coupled to the pivot assembly;

obtaining a first ultrasound image from the ultrasound

imaging transducer assembly;

pivoting the ultrasound imaging transducer assembly

about the pivot assembly without otherwise moving the
ultrasound imaging catheter; and

obtaining a second ultrasound image from ultrasound

imaging transducer assembly.

13. An ultrasound imaging catheter, comprising:

an ultrasound imaging transducer; and

means for pivoting the ultrasound imaging transducer

through an angle in response to user pivot control actua-
tions.

14. The ultrasound imaging catheter of claim 13, wherein
the means for pivoting the ultrasound imaging transducer
through an angle in response to user pivot control actuations
comprises:
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first and second pivot control cables;

means for pivoting the ultrasound imaging transducer in
response to tension applied to one of the first and second
pivot control cables; and

means for tensioning one of the first and second pivot

control cables in response to user actuation.

15. The ultrasound imaging catheter of claim 14, further
comprising means for bending the catheter in response to user
steering control actuations.

16. The ultrasound imaging catheter of claim 15, wherein
the means for bending the catheter in response to user steering
control actuations comprises:

first and second steering control cables;

means for bending the catheter in response to tension

applied to one of the first and second steering control
cables; and

means for tensioning one of the first and second steering

control cables in response to user actuation.

L
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