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1
METHODS AND APPARATUSES FOR
POSITIONING WITHIN AN INTERNAL
CHANNEL

FIELD OF THE TECHNOLOGY

At least some embodiments of the present invention relate
to scan imaging, treatment and/or measurement of the interior
of an internal channel, such as blood vessels.

BACKGROUND

Imaging technologies have been developed for the visual-
ization of the interior of an internal channel, such as a vein or
artery. For example, current Optical Coherence Tomography
(OCT) systems can image into tissue to a depth of about
1.2-1.7 mm. Analogous to ultrasound imaging, the imaging
core of an OCT system projects an optical beam (e.g., a short
coherence length infrared light) on the tissue and receives the
reflected light from the tissue to construct an image of the
tissue. An OCT based imaging system can provide higher
resolution imaging than current ultrasonic systems, but to a
shorter depth into the tissue.

FIG. 1 illustrates a prior art imaging assembly catheter. In
FIG. 1, the imaging assembly includes a sheath (109) to house
and guide the imaging core, which includes an optical fiber
(107), a GRIN lens (103) (graded index lens) and a prism
(101). The sheath (109) has at least a transparent window
(105), through which an imaging core may project an optical
beam on the tissue and receive the backscattered light. The
GRIN lens (103) focuses the beam coming from an optical
fiber (107); and the prism (101) directs the beam perpendicu-
lar to the longitudinal axis of the imaging sheath (109). Back-
scattered/reflected light from the tissues follows the reverse
path to return to the optical fiber (107). Optical fibers have a
core and a cladding. The light travels mostly in the core. The
cladding has optical properties such that it bends any light that
happens to come out of the core back into the core, so no light
is lost/leaks out the side of the optical fiber. In practical
systems for OCT, both the core and cladding are mostly glass
with a few impurities added to get the desired optical prop-
erties. The interference amplitude between an internal system
reference beam and the reflected beam from the tissue is
related to the intensity of the reflected light from the tissue at
the reference beam path length. By scanning the reference
beam path length, the amplitude of the reflected beam is
scanned at different depths into the tissue to create an image
along a line into the tissue. By also rotating (113) the imaging
core, a two-dimensional image slice of the tissue surrounding
the prism (101) can be constructed. By withdrawing the imag-
ing core inside the sheath (or both the sheath 109 and the
imaging core), image slices of the tissue may be recorded
along a length of the sheath 109 (or tissue) to provide three-
dimensional tissue imaging information. This withdrawal to
gather tissue images is commonly referred to as a pull back.

FIG. 2 illustrates the use of the prior art imaging assembly
in scanning the interior wall of an artery. The sheath (109) is
inserted into an artery (121) with the imaging core, including
the grin lens (103) and prism (101). The prism directs the
optical beam to a point on the artery to scan at different depths
into the tissue at the point. Rotating the imaging core about
the axial axis of the sheath (109) causes a scan in the circum-
ferential direction; and moving the imaging core along the
sheath (109) causes a scan in the longitudinal direction. Thus,
the combined rotation and longitudinal movement of the
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imaging core allows the imaging core to scan the entire inte-
rior of the artery (121) for a 360-degree of circumferential
image of the artery.

In a prior art system illustrated in FIG. 2, the sheath (109)
is substantially straight in a straight section of the artery. Note
that an artery is generally not straight; and the sheath gener-
ally follows the artery. For simplicity, the artery (or the vessel
to be image) is considered straight and the sheath that follows
the shape of the artery is then also considered straight. When
the sheath (109) is at about the center of the artery, the dis-
tance between the sheath (109) and the artery wall is D, (123).

Current Optical Coherence Tomography (OCT) systems
are not able to image more than about 1-2 mm into blood or
tissue. Thus, the imaging depth of the OCT system is only
about 1-2 mm. Theoretically, an OCT system may be able to
image about 2-2.5 mm into tissue; but in practice, in the
tissues of interest (vessel walls), a typical OCT system can
image no deeper than about 1.2-1.7 mm. Thus, the blood
between the artery (121) and the sheath (109) can effectively
cause blockage of the light signal for the imaging of the artery
wall and reduce the depth the OCT system can image into the
artery wall.

Further, the wavelength of the light used in an OCT system
may be short enough for the light to interact with individual
red blood cells. Use of lights of longer wavelengths may avoid
the red blood cell interaction but result in a loss of a desired
image resolution. The red blood cells have a slightly higher
index of refraction than the plasma in which they are sus-
pended. In addition, the red blood cells are shaped like con-
cave lenses so that the light may be redirected and refocused
(diverged) by each red cell it passes through on the way to the
artery wall and back from the artery wall. In addition, there
are light energy losses due to absorption and path length
changes due to scattering (reflection) by the red cells. Thus,
the image quality decreases as the distance D, (123) between
the sheath and the artery increases. It is desirable to minimize
the effect of the blood’s interference with the light from the
imaging system as it propagates through the vessel towards
the vessel wall and is reflected back to the device.

Currently, flushing is used to reduce the imaging signal
(light) blockage effect of the blood. For example, saline can
be injected into the artery from the catheter to temporarily
remove or dilute the blood near the region to be imaged.
Various techniques and devices have been used to flush blood
from the imaging area with limited success. For example,
flushing a coronary artery to remove blood from the field of
view 1s normally accomplished by injecting saline into the
vessel to be imaged, either through a guide catheter or a
catheter/sheath that surrounds/incorporates the imaging
device. However there are several problems and limitations
with flushing, especially in an artery.

First, when enough saline solution or other isotonic bio-
compatible water-based solution is introduced to replace or
dilute the blood, the amount of oxygen in the solution is very
small in comparison to the amount of oxygen contained in the
blood. Thus, the time window for imaging is limited by the
ischemic consequences of the solution on the heart muscle
(e.g., reduction in blood flow). The longer the duration of the
flush, the more severe the consequences are to the heart
muscle. Since imaging is generally desired in patients usually
already suffering from ischemia or previous cardiac muscle
ischemic tissue damage, the safe/pain-free imaging time
period is short.

Second, blood flow in coronary arteries is laminar and
generally tends to flow in streamlines, not mixing very rapidly
with adjacent streamlines. Thus, injected solutions tend to
flow in their own streamlines, leaving some areas of blood
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flow not completely displaced/mixed or leaving eddies of
blood at branch points or at areas protected/created by the
presence of the imaging device.

Third, most water-based flushing solutions have a viscosity
that is significantly less than that of blood. Thus, the flow rate
of the flush must exceed the normal flow rate of the blood in
the vessel in order to create enough pressure in the vessel to
exceed the blood pressure and displace the blood. In other
words, the resistance to flow in the vessel is lower for the flush
than for the blood.

As the flush replaces the flowing blood, an ever-increasing
flow rate of the flush is required. For example, the decreased
resistance of the flush requires more overall fluid (e.g., flush)
to maintain the natural flow rate. Moreover, the vessel will
dilate in response to the ischemic properties caused by an
increased amount of oxygen deficient fluid in the vessel.
Thus, the flush flow rate must be increased until a peak flow
rate is reached, wherein the flush effectively completely
replaces the blood in the artery. The volume of flush required
to achieve this peak flow rate can be quite high during
extended imaging periods, like those commonly used with
IVUS (Intravascular Ultrasound).

Fourth, in most injection configurations, the required high
flush flow rate enters the artery via a relatively small flow
cross section, resulting in a very high injection velocity. This
may create high velocity jets of flush, which can damage
vessel walls. Additionally, the pressures and volumes
required are not easily accomplished by manual injection.
Therefore, an automated injection device is desirable.

Alternatively, injection of a fluid more viscous than saline
(e.g., a contrast agent) may utilize a lower flow rate, but the
catheter injection pressure is relatively unchanged due to the
higher viscosity. A high viscosity flush also increases the time
required to wash out the flush (e.g., longer ischemia time).
Moreover, contrast agents are quite expensive relative to nor-
mal flushing solutions.

Several methods to deal with these problems of a typical
flush have been proposed in the past. For example, oxygen-
ated blood can be withdrawn from the patient, and certain
materials may be added to the blood to increase the index of
refraction of its plasma to match that of the red blood cells.
This oxygenated blood, with a higher index ofrefraction of its
plasma, can then be used as the flush. Alternatively, the mate-
rials to increase the index of refraction of the plasma may be
added systemically without withdrawing any blood from the
patient.

In either case, such a procedure would eliminate/effec-
tively minimize the lens effect and the reflection effect of the
red blood cells. Since the red blood cells are oxygenated,
ischemia is not a problem. It has been reported that contrast
can be used to make this index of refraction change to the
plasma.

Changing the index of refraction on a systemic level is very
difficult and can be toxic. It is easier and faster to perform the
index of refraction change with blood withdrawn from the
body. However, changing the index of refraction outside of
the patient’s body requires extra equipment and a time-con-
suming index matching procedure and introduces issues
involving increased blood exposure (e.g., to the environ-
ment). Moreover, the streamline and injection problems dis-
cussed above would still be a challenge, and hemolysis (e.g.,
the destruction or dissolution of red blood cells, with subse-
quent release of hemoglobin) could be an added issue to
consider.

Photodynamic therapy may be administered within a ves-
sel to treat various conditions. For example, light (e.g., blue
light and/or ultraviolet light) may be used to destroy (e.g., cell
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lysis) or treat various target tissues such as tumors and athero-
mas, including thin capped fibroathroma (“TCFA”) or vul-
nerable plaque. A similar blockage of the light used in pho-
todynamic therapies may also be a problem and may require
similar saline flushing or blood dilution.

SUMMARY OF THE DESCRIPTION

Methods and apparatuses for scanning a desired portion of
the interior wall of an internal channel, such as for scan
imaging a blood vessel, for photodynamic therapy and for
optical temperature determination, are described here. Some
embodiments are summarized in this section.

In one embodiment, a catheter assembly has a distal por-
tion that can be changed from a configuration with a small
overall radius suitable for traversing the internal channel to
another configuration that is suitable for scanning at least a
section of the interior wall of an internal channel, such as an
artery. In one example, to eliminate or reduce the blockage
effect of the blood in Optical Coherence Tomography (OCT)
scanning, the distal portion spirals into gentle contact with (or
closerto) asection of the artery wall for imaging along a spiral
path for the detection of a significant vulnerable plaque. The
spiral radius may be changed through the use of a guidewire,
a tendon, a spiral balloon, a tube, or others. In another
example, a spiral balloon is used to clear the blood out of the
way between a spiral section of the vessel wall and the imag-
ing sheath without blocking the blood flow in the artery. In
one example, a catheter assembly similar that for scan imag-
ing is used for the effective application of light to vessel wall
tissues for purposes of photodynamic therapy. To reduce the
blockage effect, the core for the application of light is housed
in the sheath that can spiral into gentle contact with (or closer
to) a section of the blood vessel wall, or in the sheath that has
aballoon inflatable to clear the blood between the sheath and
the section of the blood vessel wall, to ensure that the desired
section of the vessel wall was irradiated with the light to an
effective/sufficient/desired degree. In one example, a similar
catheter assembly is used for the effective light collecting
without projecting light, such as for optical temperature
determination. To reduce the blockage effect, the core for the
light receiving device (e.g., such as a fiber optic assembly, a
core or an imaging core for connection to optical temperature
determination devices) is housed in the sheath that can spiral
into gentle contact with (or closer to) a section of the blood
vessel wall, or in the sheath that has an outside balloon inflat-
able to clear the blood between the sheath and the section of
the blood vessel wall.

In one aspect of an embodiment, an elongated assembly
includes: a proximal portion; and, a distal portion, the distal
portion to be inserted into a vessel, the distal portion control-
lable through operating at the proximal portion. The distal
portion includes: an elongated sheath to house a core movable
within the sheath to scan a portion of the vessel; and, a guide
structure coupled with the sheath. The core is capable of at
least one of: projecting an optical beam onto a portion of the
vessel and receiving a light from a portion of the vessel. The
guide structure is controllable through the proximal portion to
reduce an overall diameter of the distal portion into a first
configuration; and the guide structure is controllable through
the proximal portion to increase the overall diameter of the
distal portion into a second configuration. In one embodi-
ment, the sheath is in a spiral shape in the second configura-
tion. The distal portion is to traverse the vessel in the first
configuration; the core is to move along the sheath to scan for
an image of the vessel in the second configuration with
reduced signal blockage; and signal blockage due to blood in
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the vessel between outside of the spiral shape of the sheath
and the vessel in the second configuration is smaller than in
the first configuration without the need for flushing.

In one embodiment, the distal portion of the elongated
assembly does not severely block a flow of the blood or other
tissue in the vessel inthe second configuration (e.g., in second
configuration the distal portion does not block a flow of the
blood in the vessel significantly more than in the first con-
figuration).

In one embodiment, the assembly further includes the core
housed within the sheath; the core projects an optical beam
(e.g., a short coherence length light) and to receive a reflected
light for optical coherence tomography.

In one example of an embodiment, a pitch length of the
spiral shape is less than five times an imaging depth of the
core; in one example of an embodiment, a pitch length of a
spiral shape is less than a size of a significant vulnerable
plaque on a blood vessel plus two times an imaging depth of
the core (e.g., the depth into blood and tissue that can be
imagined). In one embodiment a pitch length of the spiral is
less than ten times the radius of the vessel.

In one example of an embodiment, a diameter of the spiral
shape is substantially equal to a diameter of the vessel in the
second configuration. Thus, the spiral gently contacts the
vessel wall or is close to the vessel.

In one example of an embodiment, the distal portion of the
elongated assembly has a stiffness and is formed to be a spiral
shape in absence of external constrains; a straight guidewire
is insertable into the distal portion of the elongated assembly
to straighten the distal portion of the elongated assembly into
the first configuration.

For example, the guide structure has a guidewire lumen;
and the assembly further includes: a guidewire, a segment of
which is operable through the proximal portion of the elon-
gated assembly to slide within the guidewire lumen. The
segment of the guidewire has a stiffness and is formed to be
substantially straight in absence of external constraints. The
distal portion of the elongated assembly has a stiffness and is
formed to be a spiral shape in absence of external constrains.
The distal portion of the elongated assembly is in the first
configuration when the segment of the guidewire is in the
guidewire lumen to straighten the distal portion of the elon-
gated assembly. The distal portion of the elongated assembly
is in the second configuration when the segment of the
guidewire is out of the guidewire lumen. In one example, the
sheath is substantially straight when in the first configuration;
and a radius of the spiral shape of the sheath is substantially
equal to a radius of the vessel when in the second configura-
tion and in the vessel.

In one example of an embodiment, the distal portion of the
elongated assembly has a stiffness and is formed to be sub-
stantially straight in absence of external constrains; a spiral
guidewire is insertable into the distal portion of the elongated
assembly to spiral the distal portion of the elongated assem-
bly into the second configuration.

For example, the guide structure has a guidewire lumen;
and the assembly further includes: a guidewire, a segment of
which operable through the proximal portion of the elongated
assembly to slide within the guidewire lumen. The segment of
the guidewire has a stiffiiess and is formed to be in a spiral
shape in absence of external constraints. The distal portion of
the elongated assembly has a stiffness and is formed to be
substantially straight in absence of external constrains. The
distal portion of the elongated assembly is in the first con-
figuration when the segment of the guidewire is out of the
guidewire lumen. The distal portion of the elongated assem-
bly is in the second configuration when the segment of the
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guidewire is in the guidewire lumen to spiral the distal portion
of the elongated assembly. In one example, the sheath is
substantially straight when in the first configuration; and a
radius of the spiral shape is substantially equal to a radius of
the vessel when in the second configuration and in the vessel.
In one example, the assembly has a middle portion connected
to the distal portion of the elongated assembly; the middle
portion of the elongated assembly has a stiffness and is
formed to be substantially straight in absence of external
constraints; and the middle portion of the elongated assembly
remains substantially straight when the segment of the
guidewire is in the middle portion of the elongated assembly.
In one example, another straight guidewire is inserted into the
guidewire lumen to position or reposition the distal portion of
the elongated assembly at different locations.

In one embodiment, the guide structure is operable at the
proximal portion of the elongated assembly to: reduce a spiral
length of the sheath to increase a spiral diameter of the sheath;
and increase the spiral length of the sheath to reduce the spiral
diameter of the sheath. In one embodiment, the guide struc-
ture is operable at the proximal portion of the elongated
assembly to: reduce a number of spiral turns of the sheath to
increase a spiral diameter of the sheath; and increase a num-
ber of spiral turns of the sheath to reduce the spiral diameter
of the sheath.

For example, the guide structure includes: a tube; and a
substantially straight guide member. A portion of the guide
member is slidable into the tube. The guide member has a
distal end extending outside the tube. The sheath has a distal
end coupled to the distal end of the guide member. The sheath
has a proximal end coupled to the tube. The sheath spirals
around the guide member. The sheath wraps against the guide
member in the first configuration when the portion of the
guide member is out of the tube. The sheath spirals against the
vessel in the second configuration when a portion of the guide
member is withdrawn into the tube. In one example, the guide
member is rotatable with respect to the tube; when the guide
member rotates with respect to the tube in a first direction, a
diameter of the spiral shape of the sheath is increased; when
the guide member rotates with respect to the tube in a second
direction, the diameter of the spiral shape of the sheath is
decreased.

In one embodiment, the guide structure includes: a guide
member; and, a tendon coupled to the guide member. The
tendon bends the guide member into a spiral in the second
configuration when the tendon is in tension; and the guide
member has a stiffness and is formed to be substantially
straight in the first configuration when the tendon is not in
tension. In one example, the guide member has a tendon
lumen spiraling around the guide member to house the ten-
don; and the sheath spirals around the guide member on an
opposite side of the tendon lumen. In one example, the elon-
gated assembly has a middle portion connected to the distal
portion of the elongated assembly; the middle portion of the
elongated assembly includes a plurality of tendons; the plu-
rality oftendons in the middle portion of the elongated assem-
bly connected to the tendon in the distal portion of the elon-
gated assembly to provide a tension force to bend the guide
member; and the tension force is distributed in the plurality of
tendons in the middle portion of the elongated assembly to
reduce bending moment to the middle portion of the elon-
gated assembly due to the tension force.

In one embodiment, the guide structure includes: a guide
member, which is substantially straight; and a balloon outside
the guide member. The sheath spirals over the balloon; a
spiral diameter of the sheath increases in the second configu-
ration when the balloon is inflated; and the spiral diameter of
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the sheath decreases in the first configuration when the bal-
loon is deflated. In one example, the balloon is of a spiral
shape, spiraling around the guide member.

In one embodiment, the guide structure includes: a sub-
stantially straight guide member, the sheath spiraling around
the guide member; and, a balloon containing the sheath. The
distal portion of the elongated assembly is in the first con-
figuration when the balloon is deflated; and the distal portion
ofthe elongated assembly is in the second configuration when
the balloon is inflated. In one example, the balloon spirals
around the guide member.

In one aspect of an embodiment, the sheath has a spiral
shape in a vessel; the sheath houses a core movable along the
sheath to scan at least a spiral portion of the vessel. The core
capable of at least one of: projecting an optical beam onto a
portion of the vessel and receiving alight from a portion of the
vessel. In one example of an embodiment, the sheath has a
guidewire lumen; and a diameter of the spiral shape is sub-
stantially equal to the diameter of the vessel. In one example
of an embodiment, the sheath is capable of being straighten in
the vessel when a guidewire is inserted into the guidewire
lumen. In one example of an embodiment, the sheath is
capable of being shaped into the spiral shape in the vessel
when a spiral guidewire is inserted into the guidewire lumen.
In one example of an embodiment, the sheath spirals around
a guide member with a distal end coupled to the guide mem-
ber; the sheath has a proximal end movable along the guide
member toward the distal end to increase a spiral diameter of
the sheath and away from the distal end to decrease the spiral
diameter of the sheath; separately or in addition, the proximal
end of the sheath is rotatable around the guide member in a
first direction to increase a spiral diameter of the sheath and in
a second direction to decrease the spiral diameter of the
sheath. In another example, the sheath spirals around a guide
member with one end coupled to a distal end of the guide
member and another end movable relative to a proximal end
of the guide member; the proximal end of the guide member
is rotatable relative to the sheath in a first direction to increase
a spiral diameter of the sheath and in a second direction to
decrease the spiral diameter of the sheath; separately or in
addition, the guide member is movable longitudinally in one
direction to reduce a spiral diameter of the sheath and in the
opposite direction to increase the spiral diameter of the
sheath. In one example, the proximal end is attached to the
tube. In one example, the guide member has a tendon lumen
spiraling around the guide member; a tendon housed inside
the tendon lumen has a distal end attached to the guide mem-
ber; the tendon bends the guide member into a spiral shape
when the tendon is in tension; and the guide member is
substantially straight when the tendon is not in tension. In one
embodiment, a balloon is within the spiral shape of the
sheath; the balloon is inflatable to increase a radius of the
spiral shape of the sheath; and the balloon is deflatable to
decrease the radius of the spiral shape of the sheath. In one
embodiment, the balloon is outside a substantially straight
guide member. In one example, the balloon is of a spiral
shape, wrapping around the guide member. In one example,
the sheath spiraling around a substantially straight guide
member; a spiral balloon is mounted to enclose the sheath.

In one aspect of an embodiment, an assembly to be inserted
into a vessel, includes: a sheath to house a core movable along
the sheath to scan at least a portion of a vessel; and a balloon
enclosing at least a portion of the sheath along the sheath. The
core is capable of at least one of: projecting an optical beam
onto a portion of the vessel and receiving a light from a
portion of the vessel. When inflated the balloon clears at least
a portion of a light path between the sheath and the vessel to
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reduce blockage. In one example, the balloon is of a spiral
shape, spiraling around the sheath. The sheath has a stiffness
and is formed to remain substantially straight when the bal-
loon of the spiral shape is inflated. In one example, the core
projects an optical beam to receive a reflected light for optical
coherence tomography; and the balloon is substantially trans-
parent to the optical beam. In one example, the balloon is
movable relative to the sheath (e.g., slidable along the sheath
or rotatable about the sheath).

In one aspect of an embodiment, an assembly to be inserted
into a vessel includes a plurality of spiral sheaths twisted
together to host one or more cores capable of at least one of:
projecting an optical beam onto a portion of the vessel and
receiving a light from a portion of the vessel. In one example,
each of the spiral sheaths has a distal end coupled to the distal
end of a guide member; and each of the spiral sheaths has a
proximal end coupled to a tube. The tube is movable with
respect to the guide member to change the spiral radius of the
sheaths. In one example, a core is insertable from the tube into
each of the plurality of spiral sheaths; in another example,
each of the plurality of spiral sheaths houses an individual
core.

The present invention includes apparatuses and methods,
which operate these apparatuses. The methods and appara-
tuses can be used for scan imaging, for optical temperature
determination, for photodynamic therapy, and for other appli-
cations that can benefit from reducing interference from the
blood in the blood vessel. The core housed in the sheath can
be used to project light, to receive light, or to project light and
receive reflected light (or high frequency ultrasound).

Other features of the present invention will be apparent
from the accompanying drawings and from the detailed
description, which follows.

BRIEF DESCRIPTION OF THE DRAWINGS

The present invention is illustrated by way of example and
not limitation in the figures of the accompanying drawings in
which like references indicate similar elements.

FIG. 1 illustrates a prior art imaging assembly for use with
a catheter.

FIG. 2 illustrates the use of the prior art imaging assembly
in scanning the interior wall of an artery.

FIG. 3 illustrates an imaging sheath according to one
embodiment of the present invention.

FIGS. 4-5 show geometric relations of a spiral, which may
be used in designing an imaging sheath according to one
embodiment of the present invention.

FIGS. 6-8 illustrate an imaging assembly with a pre-
formed spiral imaging sheath according to one embodiment
of the present invention

FIGS. 9-14 illustrate imaging assemblies with a pre-
formed spiral guidewire according to embodiments of the
present invention.

FIGS. 15-17 illustrate an imaging assembly with a tube
according to one embodiment of the present invention.

FIGS. 18-22 illustrate an imaging assembly with a tendon
according to one embodiment of the present invention.

FIGS. 23-26 illustrate an imaging assembly with a spiral
balloon according to one embodiment of the present inven-
tion.

FIGS. 27-30 illustrate an imaging assembly with a regular
balloon according to one embodiment of the present inven-
tion.

FIGS. 31-38 illustrate an imaging assembly with a plurality
of imaging sheaths according to one embodiment of the
present invention.
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FIGS. 39-42 illustrate an imaging assembly with a spiral
balloon covering the imaging sheath according to one
embodiment of the present invention.

FIGS. 43-46 illustrate an imaging assembly with a straight
imaging sheath enclosed in a spiral balloon according to one
embodiment of the present invention.

FIGS. 47-50 illustrate an imaging assembly with a plurality
of tendons on a portion of the assembly to reduce bending
according to one embodiment of the present invention.

FIGS. 51-52 illustrate an assembly to balance the forces in
two tendons for an imaging assembly according to one
embodiment of the present invention.

FIG. 53 illustrates a catheter assembly according to one
embodiment of the present invention.

FIG. 54 illustrates a method of using an imaging assembly
according to one embodiment of the present invention.

DETAILED DESCRIPTION

The following description and drawings are illustrative of
the invention and are not to be construed as limiting the
invention. Numerous specific details are described to provide
a thorough understanding of the present invention. However,
in certain instances, well known or conventional details are
not described in order to avoid obscuring the description of
the present invention. References to one or an embodiment in
the present disclosure are not necessarily references to the
same embodiment; and, such references mean at least one.

At least one embodiment of the present invention seeks to
eliminate or reduce the effect of blood on the imaging of a
blood vessel without the need for flushing. While flushing the
blood vessel can reduce the effect of the blood on the image
quality, flushing has a few drawbacks and problems. In at least
one embodiment of the present invention, an imaging sheath
spirals against the blood vessel for imaging so that the imag-
ing sheath and a desired section of the vessel wall are very
close to each other, eliminating the need for flushing.

A vulnerable plaque that can rupture and cause a damaging
cardiac ischemic event is highly likely large enough to occupy
a significant arc section of the vessel and/or a significant
length of the coronary. Thus, a full 360-degree of circumfer-
ence image of the vessel is not necessary for the detection of
a significant vulnerable plaque. Thus, imaging the vessel
longitudinally at intervals greater than that of current OCT
(Optical Coherence Tomography) or IVUS (intravascular
high frequency ultrasound) systems would detect a signifi-
cant vulnerable plaque.

To detect a significant vulnerable plaque it would only be
necessary to image at the vessel wall in a spiral pattern down
the length of the vessel with the orthogonal distance between
adjacent spiral loops being shorter than the minimum length
of the vulnerable plaque deemed to be significant plus 2 times
the effective imaging depth. For example, if the sheath of the
imaging core is positioned against the vessel wall in a spiral
pattern at about a4 mm apart in the direction orthogonal to the
sheath, all of the vessel wall can be imaged when the effective
imaging depth is 2 mm. If the distance is 6 mm, under the
same assumptions, any vulnerable plaque about 2 mm or
more in length down the vessel can be imaged and thus
detected. Because the imaging sheath is in contact with (or
very near) the vessel wall, flushing is not necessary.

Embodiments of the present invention provide many ways
to create a percutaneous system that places the imaging
sheath of an OCT system gently (to avoid wall damage or
rupturing of a vulnerable plaque) against or close to the vessel
wall in a manner that will not significantly reduce vessel
blood flow and will thus allow imaging for periods much
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longer than systems that require flushing. The imaging core of
an OCT system may be about 0.004-0.005 inch in diameter.
An imaging sheath with a 0.001 inch wall and 0.001 inch
clearance will have a diameter of 0.008 inch. Arteries that are
currently accessed, imaged and treated with procedures like
angioplasty are generally about 0.08" (about 2 mm) or more
in Inside Diameter (ID). Thus, there is plenty of room for
other components in the imaging assembly and for blood
flow.

For example, one way is to form the imaging sheath with a
guidewire lumen into a spiral at its distal imaging section.
With the guidewire in place and the imaging core distal, the
sheath is straightened by the stiffness of the guidewire and
guided into a position for imaging over the guidewire. The
guidewire engagement to the catheter is preferably either an
RX (Rapid eXchange) or OTW (Over The Wire) style. In an
RX catheter, the guidewire only engages a distal portion of
the catheter, where “engage” refers to that guidewire is con-
tained within a lumen of the catheter. In an OTW catheter, the
guidewire engages the full length of the catheter. The
guidewire can thus be shorter with an RX catheter. The length
of the RX guidewire engagement of the catheter is chosen
such that the portion of the catheter that is exposed to the
vessel always engages the guidewire, so the vessel is not
exposed to both the bare guidewire and the catheter at the
same location. In an RX catheter, the length along the catheter
where the guidewire doesn’t engage the catheter (the catheter
and the bare guidewire are separate and run parallel to each
other) is contained within the guide catheter and exits the
proximal end of the guide (and RHV). If the guidewire
engagement is so short on the distal end of the catheter that
both the catheter and the bare guidewire are exposed to the
vessel, the engagement style is called a “tip monorail”. After
the withdrawn of the stiff section of the guidewire proximal to
the imaging section, the sheath spirals into contact with or
closer to the vessel wall. After the imaging pullback (pulling
back the imaging core along the spiral sheath to scan for an
image), the operator can advance the guidewire back to its
former position to straighten the sheath. The imaging core can
also be advanced back to its former position. Then, the sheath
can be repositioned to the next imaging position in the vessel.

In a similar embodiment, the guidewire lumen may be
eliminated, at least from the distal section of the catheter, if
the catheter or imaging sheath is designed such that the imag-
ing core and guidewire may replace each other within the
imaging sheath. That is, with the imaging core withdrawn
from the distal section, the guidewire occupies the lumen of
the imaging sheath, causing the imagining sheath to
straighten during catheter advancement and positioning.
Once in position, the guidewire is withdrawn from the imag-
ing sheath, allowing the imaging sheath to spiral, and then the
imaging core is advanced into the imaging sheath. In this
embodiment the catheter is either a single lumen device over
its full length or the catheter is a single lumen device in its
distal section and that lumen splits into two lumens in its
proximal section.

Alternatively, the spiral is not formed into the sheath. After
the straight guidewire is withdrawn, a spiral shaped guidewire
(or wire or elongated material) is inserted into the guidewire
lumen to cause the sheath to spiral against or closer to the
vessel wall for imaging.

Another way is to form an imaging sheath section without
a guidewire lumen into a spiral. The distal end of the imaging
sheath is attached near the distal end of a guidewire (or a tube
or a guide member that will accommodate the guidewire).
The proximal end of the imaging sheath is attached to a tube,
one lumen of which provides a continuous lumen to accom-
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modate the imaging core and the other slidably (longitudi-
nally and/or rotationally) engages the guidewire (or the tube
or the guide member that will accommodate the guidewire).
When the tube is held still, the guidewire can be advanced to
collapse the spiral and withdrawn to expand the spiral
(through changing the spiral pitch); and the guidewire can be
rotated in one direction to reduce the spiral diameter and on
the opposite direction to increase the spiral (through changing
the number of spiral turns). Alternatively, the guidewire may
be held still with respect to the body. In this case, when the
tube is moved proximally (and/or rotated in the proper direc-
tion), the spiral collapses and spirals around the distal end of
the guidewire (or the tube or the guide member that will
accommodate the guidewire). In this position, the guidewire/
catheter system can be delivered into the vessel and used to
image small vessels. When the tube is moved distally (and/or
rotated in the opposite direction), the spiral expands and
comes in contact with or closer to the vessel wall for imaging.
If the spiral does not expand enough (or expands too much)
for the desired imaging due to tube distal motion, rotating the
guidewire (or the tube or a guide member that will accommo-
date the guidewire) relative to the tube in the proper direction
can adjust the size of the spiral. Thus, in general, the relative
movement between the guidewire and the tube, rotationally
and/or longitudinally, can be controlled to expand or collapse
the spiral. In a practical system, it is typically easier to move
(rotationally and/or longitudinally) the guidewire than the
tube at the proximal end. Moving the tube and the proximal
end ofthe imaging sheath can be more difficult to accomplish,
as the tube has a large Outside Diameter (OD) which is
subjected to pressure from outside that causes friction and
difficulty in moving the tube. On the other hand, the
guidewire (or guide member) is mostly inside the tube and has
asmall OD which limits the frictional forces required to move
the guidewire (or guide member). The clearances and mate-
rials can be easily chosen so that the guide member or
guidewire rotates and/or translates freely inside the tube. The
proximal end of the catheter system may contain a handle
with indications or marks that guide the operator in this
adjustment to prevent (limit) the applied forces and displace-
ments from damaging the catheter system and/or the vessel
wall. Such a system allows a greater range of adjustment to fit
the vessel and does not require a manipulation of the
guidewire during the imaging procedure. The design of such
a system does not require the very precise control of the
flexural properties of the imaging sheath and guidewire com-
pared to the previously described systems without a tube or
guide member.

A further way is to form the imaging sheath with an imag-
ing core lumen, a guidewire lumen and a tendon lumen(s).
The catheter is constructed as an imaging deflection catheter.
The tendon lumen spirals around the catheter in the distal
imaging section of the catheter. The imaging core lumen
spirals around the opposite side of the tendon lumen. The
guidewire lumen is in the middle, between the tendon lumen
and the imaging core lumen. When the catheter is in place,
pulling on the tendon of the deflection catheter causes the
imaging section to form into a spiral and come into contact
with or move closer to the vessel wall for imaging. The
guidewire may be withdrawn from the imaging section prior
to pulling on the tendon, if desired. As before, the guidewire
lumen can be eliminated, at least from the distal section of the
catheter, when the catheter or imaging sheath is designed such
that the imaging core and guidewire can replace each other
within the imaging sheath.

A further way is to place a spiral balloon on a catheter and
putanimaging sheath on the outside of the balloon. The spiral
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balloon allows blood flow and positions the imaging sheath
(and the imaging core) on or near the vessel wall when
inflated. Alternatively, the imaging sheath may spiral on the
outside of a regular balloon on a reperfusion catheter chassis.
Although the regular balloon causes more blockage of the
blood flow in the vessel, the reperfusion lumen of the catheter
chassis provides a channel for blood flow in the vessel. In
systems with the imaging sheath positioned on the outside of
balloon, it is preferred that the imaging sheath be attached at
or near the distal end of the balloon’s major Outside Diameter
(OD) and the imaging sheath be designed to accommodate
the length changes caused by the balloon’s inflation. This can
be done in various manners, but the simplest is to form the
imaging sheath into one or more telescoping sections and to
either loosely constrain the imaging sheath to the balloon
with loops or a channel(s) or to attach the imaging sheath to
the balloon OD between telescoping sections.

Alternatively, the imaging sheath is within a transparent/
translucent spiral balloon. The shape and length of the imag-
ing sheath does not change as the balloon is inflated or
deflated. When the balloon is inflated, the spiral balloon
pushes the blood out put the way between the imaging sheath
and a spiral section of the vessel wall but still allows blood
flow in the vessel. The balloon may be deflated, repositioned
(rotated and/or moved longitudinally relative to the vessel)
and re-inflated for imaging different spiral sections of the
vessel wall.

The imaging sheath (a lumen wall, an imaging assembly
wall, a guide member or a portion of the imaging core) can
contain a radiopaque marker(s), radiopaque filler material
and/or OCT detectable features that can be used to identify
where in the spiral a vulnerable plaque is imaged. Thus, in
conjunction with fluoroscopy, an imaged feature of the vessel
wall may be located relative the vessel anatomy for treatment
and/or further examination. Fluoroscopy may also aid in re-
positioning the imaging assembly/catheter to obtain a better
image of a vessel feature. If the treatment is to be a photody-
namic treatment where the light is sent to the treatment site
via the imaging core, OCT detectable features of the vessel
and/or the imaging sheath can provide sufficient location
information to guide the treatment.

Further details for various embodiments of the present
invention are described below. From this description, a person
skilled in the art can envision many variations in the scanning
procedures, the designs of the sheath, designs of the imaging
assembly and the designs of the formed or manipulated spiral
based on the examples provide below.

FIG. 3 illustrates an imaging sheath according to one
embodiment of the present invention. In FIG. 3, the imaging
sheath (201) spirals within the artery (203) so that the imaging
sheath (201) spirals very close to or in contact with the artery
wall. Since the spiral radius of the imaging sheath (201) is
substantially equal to the radius of the artery (203), the dis-
tance D, (205) between the outside of the spiral of the imag-
ing sheath and the artery wall is significantly reduced. Thus,
at least a spiral path around the artery wall can be scanned
from the imaging sheath at close range without a significant
blockage effect from the blood. In FIG. 3, for illustration
purpose, the artery is shown as straight. It is understood that
an artery or vessel is generally not straight. However, it is
understood that in this description, the portion of the vessel to
be imaged is substantially straight when compared to the
spiral of the imaging sheath.

In one embodiment of the present invention, the spiral of
the imaging sheath gently touches the artery or vessel wall so
that the distance D, is zero or almost zero along a portion of
the length of the imaging sheath. Indeed, the spiral of the
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imaging sheath may gently deform the wall of the vessel, such
that the vessel wall may conform to cover a portion of the OD
of the imaging sheath.

In one embodiment of the present invention, the shape of
the imaging sheath is controllable to have one configuration
as illustrated as in FIG. 3 for the imaging of the artery and
another configuration which has a substantially smaller over-
all radius so that the imaging sheath can be more easily and
atraumatically moved within the artery/vessel or more easily
delivered to the artery/vessel by conventional devices such as
guide catheters and guidewires.

Examples of using an imaging core that projects and
receives a beam of a short coherence length infrared light for
OCT scanning (e.g., through a GRIN lens and a prism) are
illustrated and/or discussed in many embodiments. Any light-
based image scanning or photodynamic therapy system can
also be used with these embodiments. It is understood that
any light-based imaging scanning system known in the art can
be used. Further, it is understood that other forms of light
delivering devices, such as photodynamic therapy light deliv-
ery devices, or other forms of light collecting devices, such as
optical temperature determination devices, can be used with
the embodiments of the present invention. Furthermore, other
types of imaging scanning systems (e.g., high frequency
ultrasound based systems) may also be used with the present
invention. Thus, the term “imaging core” includes light deliv-
ering devices (e.g., as in photodynamic therapy), light receiv-
ing devices (e.g., as for optical temperature determination),
light (electromagnetic waves, visible or not) delivering and
receiving devices (e.g., as in an OCT system), and delivering
and/or receiving devices for energy that propagates in waves
(e.g., high frequency ultrasound) and thus suffer from prob-
lems due to interactions with blood.

Additionally, many of the embodiments of the present
invention can also be used with other devices where proxim-
ity to the vessel wall is desired. For instance, a temperature
sensor (1.e. a thermocouple, a thermistor) may be used to
measure vessel wall temperature changes to help identify a
vulnerable plaque. In another instance the imaging sheath
may be made ofa material that is permeable to a chemical that
it is desired to detect in the vessel wall and the core contains
at least a portion of a detector system for that chemical.

FIGS. 4-5 show geometric relations of a spiral, which may
be used in designing an imaging sheath according to one
embodiment of the present invention. The spiral (217) wraps
around a cylindrical surface (215). The cylindrical surface
(215) has a diameter D (213), which is equal to the spiral
diameter of the spiral (217). The spiral length of one turn of
the spiral (e.g., from point P, (221) to point P, (223)) is the
pitch length L, (211) of the spiral (217).

A cylindrical surface (e.g., 215) can be unwrapped as a
flattened surface without stretching. If the cylindrical surface
(215) is cut along the straight line P,P; (221 to 225) and
unwrapped (230) as a flattened surface 240. The portion of the
spiral 217 between points P, (221) and P, (223) becomes a
straight line (247) between points P'; (241) and P, (243) on
the flattened surface 240.

Thus, the wind angle 6 can be determined from the pitch
length L, of the spiral and the circumference nD. The length
of the straightened imaging sheath for each turn of the spiral
is L=[(nD)*+L,*]">.

In FIG. 4, one can see the following geometric relations.

sin 0=L,/L,
cos 0=nl/L,

tan §=L/nD)
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Since (nD)2:L12—LP2, one can see that for a given length of
imaging sheath (e.g., L,), the spiral radius (D/2) increases
when the spiral length (I,) is reduced; similarly, the spiral
diameter (D) decreases when the spiral length (L,) is
increased.

The relation between the total length (L) of the straight-
ened imaging sheath and the length of the straightened imag-
ing sheath for each turn of spiral is:

Ly=LyNr

where N is the total number of spiral turns.

Thus, reducing the number of spiral turns increases the
length of the imaging sheath for each spiral turn, which
increases the spiral diameter if the pitch length L, is kept
constant. Similarly, increasing the number of spiral turns
decreases the length of the imaging sheath for each spiral
turn, which decreases the spiral diameterif the pitch length L,
is kept constant.

The distance between the adjacent turns of the spiral on the
flattened surface 240 is

L,»=L,cos 0=aDL,/L,

Since the imaging system scans perpendicular to the lon-
gitudinal direction, a strip (249) on the flattened surface (240)
is scanned and imaged. If the half width of the strip (249) is I,
(239), the gap width that is not scanned is

W,=L,,~2 I=aDL,/L,;-2 I

Let the diameter of a significant vulnerable plaque be S,,.
Thus, the scanning along the spiral will not miss the vulner-
able plaque, if

W, <8,

The half width I, (239) of the imaged strip (249) is mea-
sured on the flattened surface (240). FIG. 5 shows the geo-
metric relation between the half width I, (239) of the imaged
strip and the imaging depth 1, (261). The projection of 1,
(239) along the longitudinal direction is I, cos 8 (263); and
the projection of I, (239) along the circumference is I, sin 8
(263). Since the angle p (253) is

p=(Ipsin O)yR

where R=D/2 is the radius of the spiral, the lengths of line
segments PP, (267) and P_.P., (269) are (R-R cos ) and
(R sin f) respectively. Thus, the relation between the imaging
depth I, and the half width I, is:

I,2=(I, cos 8Y*+(R-R cos B)*+(R sin )

Thus, when the imaging depth I is known, the above equa-
tion can be used to determine the half width of the imaged
strip. When the angle f} is small, [, is approximately equal to
L.

When the spiral surface is not on the surface of the blood
vessel, which has a radius of R, the relation between the
imaging depth I, and the half width of the imaged strip is:

I,2=(I, cos 8Y+(R-R, cos BY>+(R sin p)?
where
p=(IpsinO)R,

Although the above spiral geometry illustrates a perfect
spiral, it is understood that in this description the term “spiral”
is also for shapes that approximate a perfect spiral, which may
have a pitch length varying from point to point and a spiral
radius varying from point to point. Thus, the spiral radius and
spiral pitch length for a general spiral discussed in this
description are average measurements of a local region of the
spiral. This geometric description provides the basis for deter-
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mining the desired or resulting imaging conditions of spiral
imaging sheath designs in vessels.

In one embodiment of the present invention, the spiral of
the imaging sheath is to gently contact the interior of the
blood vessel so that R is approximately equal to R,. In one
embodiment, the pitch length of the spiral is smaller than the
size of a significant vulnerable plaque in a blood vessel wall
plus two times an imaging depth of the imaging core such that
atleast a portion of the significant vulnerable plaque will be in
the imaged strip. Alternatively, the pitch length may be
longer, such that a significant vulnerable plaque may not be
imaged. To ensure that a significant vulnerable plaque is
detected the spiral of the imaging sheath is moved into dif-
ferent positions (e.g., rotated with respect to the blood vessel
or sliding/translated along the length of the blood vessel for a
distance not equal to the pitch length, such as half the pitch
length or one third of the pitch length) to image different
spiral paths (imaged strip) along the blood vessel wall for a
more complete scan. As previously discussed, it is preferred
that the radius of the spiral be reduced prior to moving to a
different position in the vessel and then returned to the larger
radius for imaging. Alternatively, multiple spiral imaging
sheaths/imaging cores can be used.

FIGS. 6-8 illustrate an imaging assembly with a pre-
formed spiral imaging sheath according to one embodiment
of the present invention. FIG. 6 shows the spiral shape of the
distal end of the imaging sheath (303) in the absence of
external constraints, such as the presence of the guidewire or
the ID of the vessel. The distal portion of the imaging sheath
(with a guidewire lumen) is formed into a spiral. The imaging
sheath is substantially transparent/translucent (or has a sub-
stantially transparent/translucent window on the outside of
the spiral) to allow the imaging core 301 to scan and image the
wall of the blood vessel. The proximal end of the optical fiber
307 can drive the imaging core (301) to rotate and move along
the imaging sheath for a spiral scan.

In one embodiment, the spiral forming process, and/or the
dimensions and/or material stiffnesses of the imaging sheath
(303) are manipulated to ensure that imaging core lumen
(313) has a natural tendency to be on the outside of the
spiral/nearest the vessel wall. For instance, the spiral can be
formed by heat setting a thermoplastic sheath (303) into a
spiral using a spiral (or straight) mandrel in the imaging core
lumen (313) and another mandrel with a smaller spiral radius
in the guidewire lumen (313). With sufficient stiffness and/or
a great enough difference in spiral radius, the mandrels will
force the guidewire lumen (311) to the inside of the spiral and
the imaging core lumen (303) to the outside of the spiral (e.g,,
in a configuration similar to that illustrated in FIG. 12 but in
absence of the guidewire 349).

In one embodiment, the guidewire lumen goes distal to the
distal end of the sheath; and the guidewire lumen is open at the
distal end of the sheath. A guidewire is used to deliver the
imaging assembly to the desired location in the vessel. After
the guidewire is positioned across the vessel region of inter-
est, the imaging assembly (RX or OTW) is tracked over the
guidewire to the vessel region of interest. The guidewires that
have relatively short floppy distal ends (e.g., Ironman series
of guidewires from Guidant Corporation) can work better
than “normal” guidewires (e.g., Hi-Torque Floppy series of
guidewires from Guidant Corporation).

In one embodiment, an OCT imaging core/optical fiber is
about 0.004-0.005" in OD and a guidewire for this application
is about 0.014" in OD. Thus, the OD of the guidewire is
roughly 3 times the OD of the optical fiber/imaging core.
Further, the OD of the imaging sheath in the cross-section
view does not have to be circular. The OD of the imaging
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sheath in the cross-section view can be circular or noncircu-
lar, such as oval or egg shaped (e.g., as illustrated in FIG. 14).

FIG. 7 shows the imaging sheath (303) of FIG. 6 being
temporarily straightened by a guidewire (309). The guidewire
(309) is of a substantially straight shape, having a stiffness
great enough in a section near its distal end so that when that
section of the guidewire (309) is inserted into the spiral por-
tion of the imaging sheath (303), the spiral portion of the
imaging sheath (303) is substantially straightened. When the
spiral portion of the imaging sheath (303) is straightened, the
overall diameter of the spiral of the imaging sheath (303) is
reduced to allow the positioning of the imaging sheath (303).
Forexample, the imaging sheath (303) can be inserted into the
blood vessel via a guide catheter and over the guidewire (309)
and positioned across a target location; or, the imaging sheath
(303) may be repositioned after a scan. Once the imaging
sheath (303) is at a desired position, the guidewire (309) can
be withdrawn until only its distal floppy end is in the spiral
formed distal section of the imaging sheath (303) or pulled
out of the spiral formed section of the imaging sheath (303) to
allow the distal end of the imaging sheath (303) to come back
to the spiral shape.

In one embodiment, when the straight guidewire is in the
imaging sheath, as illustrated in FIG. 7, the overall structure
of the distal portion is still flexible enough to follow the
guidewire and pass though turning points of a blood vessel
(e.g.,aveinorartery). Thus, the stiffness of the guidewire and
the stiffness of the imaging sheath are calibrated so that at
least a section of the guidewire can straighten the spiral of the
imaging sheath if that distal portion is in a straight section of
the vessel and that distal portion can still bend when it
encounters the vessel wall or bend with the guidewire to pass
the turning points of the blood vessel to reach a target location
without causing damage to the blood vessel wall. In one
embodiment, the imaging sheath 303 may include a distal
tapered tip/soft tip to aid it in following the guidewire into
position in the curved vessel anatomy in the manner currently
employed to aid in the atraumatic positioning of angioplasty
catheters.

In one embodiment of the present invention, the pre-
formed spiral radius of the imaging sheath is larger than or
approximately equal to the radius of the blood vessel at the
target location so that, when the guidewire is withdrawn, the
imaging sheath gently spirals against or very close to the
vessel wall.

FIG. 8 illustrates a cross section view along A-A'in FIG. 7.
The imaging sheath is transparent at least for the back portion
of the spiral to allow the passage of the light for OCT scan-
ning. An imaging core lumen (317) allows the optical fiber
(307) to move longitudinally and rotate within the imaging
sheath (303). A guidewire lumen (311) allows the guidewire
(309) to be inserted to straighten the spiral portion of the
imaging sheath or withdrawn to allow the imaging sheath to
form a spiral.

Alternatively, the imaging core and the guidewire may
share the same distal lumen. To reposition the distal portion of
the imaging sheath at a target location, imaging core is with-
drawn from the lumen and the guidewire is advanced into the
lumen. To scan the vessel wall, the guidewire is withdrawn
out of the lumen; and the imaging core is advanced into the
lumen (e.g., for an imaging pullback).

FIGS. 9-14 illustrate imaging assemblies with a pre-
formed spiral guidewire according to embodiments of the
present invention. FIG. 9 shows a spiral guidewire (329)
forcing the distal portion of an imaging sheath (323) into a
spiral shape. The guidewire (329) is of a spiral shape in the
distal portion, having a stiffness greater than the stiffness of
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the distal portion of the imaging sheath so that when the
guidewire is inserted the distal portion of the imaging sheath
(303) is temporarily forced into a spiral shape. When the
imaging sheath is positioned at the target location and forced
into the spiral shape, an imaging core (321) can be controlled
though an optical fiber (327) to perform a spiral scanning. The
imaging sheath is substantially transparent/translucent (or
has a substantially transparent/translucent window on the
back of the spiral) to allow the imaging core 301 to scan and
image the wall of the blood vessel.

FIG. 10 shows the imaging sheath of FIG. 9 being in a
substantially straight shape after the spiral guidewire is
removed. When the distal portion of the imaging sheath (303)
is straightened, the overall diameter of the imaging sheath is
reduced to allow the placement and repositioning of the imag-
ing sheath. For example, the imaging sheath can be inserted
into the blood vessel and positioned to a target location; or, the
imaging sheath may be repositioned after a scan. The distal
end of the imaging sheath (323) may include a fixed
guidewire tip and/or a bent end to aid in the subselection of the
desired vessel branch. Alternatively, a conventional (straight)
guidewire with various distal end configurations can be used
in the guidewire lumen to guide the imaging sheath (323) to
the target location in the conventional manner. Once the
imaging sheath is at a desired location, the spiral guidewire
can be inserted into the imaging sheath to force the imaging
sheath to a spiral shape.

In one embodiment of the present invention, the pre-
formed spiral radius of the guidewire is larger than or approxi-
mately equal to the radius of the blood vessel at the target
location so that, when the guidewire is inserted, the imaging
sheath gently spirals against (or close to) the vessel wall.

In one embodiment of the present invention, the stiffness of
the spiral guidewire is smaller than a proximal portion of the
imaging sheath such that when the spiral guidewire is in the
proximal portion of the imaging sheath, the spiral guidewire
is temporarily straightened/has less of a spiral. Thus, the
spiral guidewire will only substantially bend the distal por-
tion of the imaging sheath into a spiral of the desired radius,
but not the proximal portion of the imaging sheath. Alterna-
tively, the proximal portion of the imaging sheath is covered
by a tube or a guide catheter, which temporarily straightens
the spiral portion of the guidewire when the spiral portion of
the guidewire is not inserted into the distal portion of the
imaging sheath. The overall stiffness of the catheter assembly
is calibrated so that the assembly is flexible enough to be
delivered in a blood vessel without causing damage to the
vessel wall.

FIG. 11 illustrates a cross section view along B-B' in FIG.
9. The imaging sheath (323) is substantially transparent/
translucent for at least a portion of the spiral to allow the
passage of the light for OCT scanning. An imaging core
lumen (333) allows the optical fiber (327) to move longitudi-
nally and rotate within the imaging sheath. A guidewire
lumen (331) allows the guidewire (329) to be inserted to force
the distal portion of the imaging sheath into a spiral or with-
drawn to straighten the imaging sheath. Guidewire lumen
(331) may also allow the imaging sheath (323) to follow a
more conventional guidewire during the initial positioning of
the imaging sheath (323) in the vessel.

FIGS. 12-14 illustrate an embodiment in which the imag-
ing core lumen spirals around the guidewire lumen. FIG. 12
shows a spiral guidewire (349) forcing the distal portion of an
imaging sheath (343) into a spiral shape. The guidewire (349)
is of a spiral shape in the distal portion, having a stiffness
greater than the stiffness of the distal portion of the imaging
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sheath so that when the guidewire is inserted the distal portion
of the imaging sheath (343) is temporarily forced into a spiral
shape.

FIG. 13 shows that the imaging core lumen (353) spirals
around the guidewire lumen (351) when the spiral guidewire
is not inserted into the distal portion of the imaging sheath and
the imaging sheath is substantially straight. The imaging core
lumen (353) spirals around the guidewire lumen (351) when
the imaging sheath is substantially straight. Thus, when the
spiral guidewire (349) is inserted into the guidewire lumen
(351) in the distal portion, the imaging core lumen spirals
outside the guidewire lumen, as illustrated in FIG. 12; and the
spiral guidewire is inside the imaging core lumen so that the
guidewire is not in the way between the imaging lumen and
the vessel wall.

FIG. 14 illustrates a cross section view along C-C' in FIG.
12. The imaging sheath (343) is substantially transparent/
translucent for at least a portion of the spiral to allow the
passage of the light for OCT scanning. An imaging core
lumen (353) allows the optical fiber (347) to move longitudi-
nally and rotate within the imaging sheath (343). A guidewire
lumen (351) allows the guidewire (349) to be inserted to force
the distal portion of the imaging sheath into a spiral or with-
drawn to straighten the imaging sheath. Guidewire lumen
(351) may also allow the imaging sheath (343) to follow a
more conventional guidewire during the initial positioning of
the imaging sheath (343) in the vessel.

FIGS. 15-17 illustrate an imaging assembly with a tube
according to one embodiment of the present invention. FIG.
15 illustrates a configuration in which an imaging sheath
(361) is tightly wrapped in a spiral around a guide member
(363). The distal end (360) of the imaging sheath (361) is
fixed to the guide member (363); and the other end of the
imaging sheath (361) is fixed to the tube (365). The guide
member (363) is slidable into the tube to reduce the distance
between the two ends of the spiral imaging sheath (361). In
FIG. 15, one end of the tube (365) is close to the pointY (369)
of the guide member. The spiral of the imaging sheath (363)
is elongated so that the spiral radius of the imaging sheath
(363) is small. Thus, the overall radius of the distal portion of
the imaging assembly is small so that the distal portion of the
imaging assembly can be moved easily within an internal
channel to a target position.

The distal end of the tube (365) is tapered so that there is no
sharp edge to contact the vessel. The distal end (360) of the
imaging sheath (361) is tapered to a larger OD, made of
materials that have a higher modulus distally and/or contain a
tapered stiffening device (a wire(s), braid, etc.) so the spiral
will gradually curve away from the guide member and not
bend at a sharp angle when the spiral is expanded. The proxi-
malend of the imaging sheath connects to the distal end of the
tube (365) in a similar fashion to avoid being bent at a sharp
angle. The distal end of the guide member can be made more
conventional/atraumatic by extending it further distal of its
connection with the imaging sheath. When the guide member
is a guidewire, the distal end of the guide member can be the
short (short is preferred) floppy tip of the guidewire. When the
guide member is a tube that accommodates a guidewire in its
1D, the distal end of the guide member can be a soft tapered tip
like those incorporated on angioplasty catheters. When the
guide member is a shaft (no ID), the distal end of the guide
member can be a soft tapered tip with a bent end and/or a fixed
guidewire.

The guide member (363) can be just a guidewire that can be
pulled into or pushed out of the tube (365). Alternatively, the
guide member can be a tube or a catheter that accommodates
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the guidewire and that can be pulled into or pushed out of the
tube (365) through pulling or pushing the guidewire.

InFIG. 16, when the tube (365) is moved towards the distal
end of the guide member, the guide member (363) slides into
the tube (365). The point Y (369) of the guide member is
inside the tube (365); and the distal end of the tube (365) is
close to the point X (367) of the guide member. Since the
spiral of the imaging sheath (361) has one end attached to the
distal end (360) of the guide member (363) and another to the
tube (365), the spiral length of the imaging sheath (361) is
reduced. Thus, the spiral radius of the imaging sheath (361) is
increased. The relative position of the guide member with
respect to the tube can be adjusted to control the spiral length
and spiral radius of the imaging sheath (361). The spiral
radius can be adjusted so that the spiral of the imaging sheath
gently contacts the vessel wall. Then, a spiral section of the
vessel wall can be imaged with reduced signal blockage from
blood in the vessel since the imaging sheath is brought close
to the spiral section of the vessel wall.

Further, the tube can be rotated (371) with respect to the
guide member to change the number of spiral turns of the
imaging sheath (363). When the tube (365) is rotated with
respect to the guide member (363) in the direction as shown in
FIG. 16 (and/or the guide member is rotated with respect to
the tube in the opposite direction), the number of spiral turns
decreases, which causes the spiral to expand (e.g., increasing
the spiral radius); when the tube (365) is rotated with respect
to the guide member (363) in the opposite direction, the
number of spiral turns increases, which causes the spiral to
shrink (e.g., decreasing the spiral radius).

In one embodiment of the present invention, the proximal
end of the imaging assembly (the catheter assembly) contains
a handle with markers (or indicators) that guide the operator
in adjusting the spiral radius of the distal end and/or prevents/
limits excessive expanding forces, rotations and/or displace-
ments from being applied to the spiral of the imaging sheath,
which may cause damage to the imaging assembly and/or the
vessel wall. As a practical matter, observation of the images
produced during a pull back of the imaging core provides a
reliable means to ensure that the spiral is near enough to the
vessel wall. If the imaging sheath is away from the vessel
wall, the image produced will show the separation of the
imaging sheath from the vessel wall. Anytime that the imag-
ing sheath is too far from the vessel wall, the pull back may be
discontinued, the spiral adjusted to produce the desired vessel
wall contact/proximity and then the imaging pull back may be
resumed.

FIG. 17 illustrates a cross section view along D-D'in FIG.
16. The tube (365) has a guide lumen (379) and an imaging
lumen (373). The imaging lumen (379) connects to the imag-
ing sheath to provide a continuous passageway for the optical
fiber (377) for the control of the imaging core in the imaging
sheath (361). The guide lumen (379) allows the guide mem-
ber (363) to slide into the tube to compress the spiral length
the imaging sheath or slide out of the tube to extend the spiral
length of the imaging sheath. The cross-section of tube (365)
may be oval or more egg-shaped and not circular, as shown, if
desired.

Although FIGS. 16 and 17 illustrate the adjustment of the
spiral length and the number of spiral turns through moving
the tube, it is understood that it is the relative movement
between the tube and the guide member that causes the adjust-
ment of the spiral length and the number of spiral turns. The
relative movement between the tube and the guide member
can be achieved through fixing the tube to move the guide
member (e.g., with respect to the vessel), or through fixing the
guide member to move the tube (e.g., with respect to the

10

15

20

25

30

35

40

45

50

55

60

65

20

vessel), or through moving both the guide member and the
tube (e.g., with respect to the vessel) to cause the relative
movement.

Further, in one embodiment, the imaging sheath is slidable
within a lumen in the tube while the guide member is fixed
relative to the tube to fix the spiral length. Advancing a length
of imaging sheath through the lumen in the tube increases the
length of the imaging sheath in the spiral for the given spiral
pitch (e.g., at a given spiral length and a given number of
spiral turns) and thus increases the spiral radius; withdrawing
a length of imaging sheath reduces the spiral radius. In one
embodiment, the guide member and the tube are fixed with
respect to each other to have a fixed spiral length and/or a
fixed number of spiral turns; sliding the imaging sheath into
or out of the tube adjusts the length of the imaging sheath in
the spiral to expand or collapse the spiral. In one embodiment,
both the imaging sheath and the guide member are slidable in
their respective lumens. A proximal handle/control mecha-
nism can be used to control the spiral through controlling the
relative positions of the imaging sheath, the guide member
and/orthe tube. The proximal relative longitudinal position of
the guide member with respect to the tube can be controlled to
adjust the spiral length; the proximal relative longitudinal
position of the guide member and the imaging sheath can be
controlled to adjust the spiral length; and the proximal rela-
tive rotation of the guide member with respect to the tube can
be controlled to adjust the number of spiral turns. Selectively
adjusting the length of the imaging sheath in the spiral, the
spiral length and the number of spiral turns can expand or
collapse the spiral, as discussed above. In some implementa-
tions, the imaging sheath is free to rotate at its proximal
and/or distal end to relieve strains that may be introduced
when the tube is rotated relative to the guide member.

FIGS. 18-20 illustrate an imaging assembly on the distal
end of a catheter (not shown) with a tendon according to one
embodiment of the present invention. In FIG. 18, the tendon
(407) is not in tension so that the guide member (409) is
substantially straight. The tendon lumen (403) spirals around
the guide member (409) on one side; and the imaging sheath
(401) spirals around the guide member (409) on the opposite
side of the tendon (407). The tendon (407) is preferably
attached to the distal end of the tendon lumen (403) wall, but
is otherwise free to move within the tendon lumen (403). The
optical fiber (405), a portion of the imaging core, in the
imaging sheath (401) provides the light passageway for OCT
imaging and its proximal portion provides the control over the
movement of the imaging core for scanning.

FIG. 19 shows the tendon bending the imaging assembly
when the tendon is in tension (pulled proximal relative to the
restof the assembly). When the tendon is in tension, the guide
member (409) and the imaging sheath (401) are bent into a
spiral shape. The contraction force of the tendon causes the
tendon lumen (403) to stay at the inside of the spiral; and the
imaging sheath (401) is at the outside of the spiral. Thus, the
tendon (407) and tendon lumen (403) are not in the way
between the imaging sheath (401) and the spiral section of a
vessel wall to be imaged.

FIG. 20 shows the cross section view along E-E'in FIG. 18.
Although the cross-section is shown to be oval, it is to be
understood that the cross-section could be constructed as
circular or in other shapes. At least the outside facing portions
of the imaging sheath (401) (e.g. the portion of the assembly
that accommodates the imaging core) is transparent or
adequately translucent so that the light can be projected from
the imaging core to the vessel wall and scattered back to the
imaging core through the imaging sheath (401). The imaging
sheath (401) provides apassageway for the imaging core. The
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guidewire (415) is used to provide the stiffness to the assem-
bly so that the distal portion of the imaging assembly is
substantially straight when the tendon is not in tension. The
guidewire may be slidable within a guidewire lumen of the
guide member (409); alternatively, the guidewire may be
integrated with the imaging sheath (401) and the tendon
lumen (403). The imaging sheath (401) and the tendon lumen
(403) are on the opposite sides of the guide member (409).
When the tendon (407) is in tension, the tendon lumen (403)
wall is compressed to reduce its length, which causes the
bending of the assembly into a spiral.

The longitudinal translation of the tendon (407) relative to
the tendon lumen (403) wall or the tension force applied to the
tendon can be used to control the bending of the spiral. The
greater the tension force or the proximal translation of the
tendon (407) applied, the smaller the spiral pitch may be. The
spiral of the tendon lumen (403) wall around the guide mem-
ber (409) and the stiffness of the guide member (409) can be
designed so that when the assembly is bent under tendon
(407) control into a spiral, the spiral gently contacts the vessel
wall without an excessive expanding force on the vessel wall.
Note that only the imaging section of the catheter assembly is
described here, as the distal tip and proximal sections of the
catheter may be of conventional angioplasty and deflection
catheter designs, respectively. As before, in some embodi-
ments, the guidewire lumen can be eliminated, at least from
the distal section of the catheter, when the catheter or imaging
sheath is designed such that the imaging core and guidewire
can replace each other within the imaging sheath.

FIG. 21 shows an axial slice view of the imaging assembly
when the tendon is not in tension. In FIG. 21, the guide
member (409) is substantially straight (see also FIG. 18)
when the tendon is not in tension. Since the imaging assembly
has a small overall radius, there is a significant distance
between the imaging sheath and the wall of the artery (421).
The imaging sheath (401) and the tendon lumen (403) spiral
around the guide member (409). The blood between the artery
wall and the imaging sheath may reduce the imaging capa-
bility and the image quality of the OCT scan. In FIG. 21, only
small length segments (the width of the view slice) of the
imaging sheath (401) and the tendon lumen (403 wall) are
shown so that both segments of them can be seen clearly.

FIG. 22 shows an axial slice view of the imaging assembly
when the tendon is in tension. In FI1G. 22, the guide member
(409) is bent into a spiral when the tendon is in tension (see
also FIG. 19). The tendon lumen (403) is at the inside of the
spiral; and the imaging sheath (401) is at the outside of the
spiral, gently contacting the wall of the artery (421). Since the
imaging assembly spirals into contact with the artery, the
imaging sheath (401) is very close to a spiral section of the
wall of the artery (421). The blood in the artery will not reduce
the imaging capability and the image quality of the OCT scan
of the spiral section of the artery wall. Also, the spiral-shaped
imaging assembly does not severely block the blood flow in
the artery.

The assembly of FIGS. 18-22 can be used for OCT imag-
ing, where the imaging sheath (e.g., 401) can be used to
accommodate the imaging core of an OCT imaging system.
Similar assemblies can also be used for photodynamic
therapy to the vessel wall and/or to perform the optical tem-
perature measurement of the vessel wall. The assembly can be
deformed into a spiral using the tendon (e.g., 407) to bring the
sheath (e.g., 401) for the core of photodynamic therapy or
optical temperature measurement into gentle contact, or
closer to, a section of the vessel wall.

FIGS. 23-26 illustrate an imaging assembly with a spiral
balloon according to one embodiment of the present inven-
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tion. FIG. 23 illustrates a distal portion when the spiral bal-
loon (441) is deflated; and FIG. 24 illustrates a distal portion
when the spiral balloon (441) is inflated. The imaging sheath
(443) spirals on the back of the spiral balloon (the outside of
the spiral balloon). When the spiral balloon is deflated, the
overall diameter of the distal portion is small, allowing the
free movement of the distal portion in an internal channel.
When the spiral balloon is inflated, the backside of the spiral
balloon pushes the imaging sheath toward a spiral section of
the internal channel. The guide member (447) has a stiffness
to remain substantially straight before and after the spiral
balloon is inflated but is flexible enough to traverse in the
internal channel. Thus, even when the spiral balloon is
inflated, the distal portion of the assembly leaves at least a
spiral portion of the channel unblocked so that fluid (e.g.,
blood) can still flow in the channel.

FIG. 25 illustrates a cross section view along F-F' in FIG.
23 where the spiral balloon is deflated. FIG. 26 illustrates a
cross section view along G-G' in FIG. 24 where the spiral
balloon is inflated. The guide member at or near in the center
ofthe spiral regardless whether the spiral balloon is inflated or
deflated. Thus, the imaging sheath is away from the wall of
the internal channel (e.g., an artery) and close to the guide
member when the balloon is deflated; and the imaging sheath
is away from the guide member and close to (or gently touch-
ing) a spiral section of the wall when the balloon is inflated.

When the spiral balloon is inflated, the outside of the spiral
balloon is stretched. In one embodiment, the imaging sheath
is flexible and fixedly attached to the spiral balloon. Thus,
when the spiral balloon is inflated, the imaging sheath is
stretched together with the backside of the spiral balloon.
Alternatively, the imaging sheath is movable relative to the
imaging sheath. For example, the spiral balloon has a lumen
housing the imaging sheath; the imaging sheath is slidable
with respect to the spiral balloon in the lumen. Thus, when
spiral balloon is inflated, the imaging sheath expands to have
a spiral radius according to the backside of the spiral balloon
and slides within the lumen to avoid being stretched. The
distal end of the imaging sheath may be free to move; thus,
when the spiral balloon is inflated, the distal end of the imag-
ing sheath moves proximal to reduce the spiral length to avoid
being stretched. Alternatively, the distal end of the imaging
sheath may be fixed to the spiral balloon and the guide mem-
ber; the proximal end of the imaging sheath is slidable with
respect to a tube; thus, when the spiral balloon is inflated, a
portion of the imaging sheath slides out of the tube to increase
the length of the part of the imaging sheath that spirals on the
back of the spiral balloon (due to the increase in spiral radius).
In one embodiment, the balloon has a small attachment to the
imaging sheath. Alternatively, the balloon may be attached to
the sheath through a loop (not shown in FIGS. 25 and 26).
Through such attachment arrangements, the sheath is pre-
vented from being crushed/deformed when the balloon is
inflated. Deforming the imaging sheath may make the move-
ment of the imaging core within it difficult. Alternatively, the
movement of the imaging sheath in radial and circumferential
directions may be constrained to the spiral balloon along a
number of points on the backside of the spiral balloon; and the
imaging sheath is slidable along the spiral of the backside of
the balloon.

FIGS. 27-30 illustrate an imaging assembly with an elastic
or compliant balloon according to one embodiment of the
presentinvention. FIG. 27 illustrates a distal portion when the
balloon (461) is deflated; and FIG. 28 illustrates a distal
portion when the balloon (461) is inflated. The balloon (461)
encloses a distal section of the guide member (467); and the
imaging sheath (463) spirals outside the balloon. When the
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balloon is deflated, the overall diameter of the distal portion is
reduced for positioning ot repositioning the distal portion in
an internal channel. When the balloon is inflated, the inflated
balloon expands the spiral radius of imaging sheath so that the
imaging sheath is close to or in contact with a spiral section of
the internal channel. The guide member (467) has a stiffness
to remain substantially straight but is flexible enough to
traverse in the internal channel.

An elastic or compliant balloon may almost completely
block the internal channel when the balloon is fully inflated.
In one embodiment of the present invention, the guide mem-
ber (467) includes a reperfusion catheter chassis. Although
the elastic balloon causes more blockage of the blood flow in
the vessel compared to a spiral balloon, the reperfusion lumen
ofthe catheter chassis provides a channel for blood flow in the
vessel. Alternatively, to avoid blockage of the flow in the
channel (e.g., blood flow in the artery), the balloon may be
inflated only to a degree such that the expanded spiral radius
of the imaging sheath spiral is close to the radius of the
channel; thus, the imaging sheath is close enough (e.g., within
the imaging radius) to a spiral section of the wall; and the
balloon would not completely block the internal channel. For
example, the balloon may be inflated so that the spiral radius
of the imaging sheath is still smaller than the radius of the
internal channel. Thus, the flow may go through the spiral
around the balloon and outside the imaging sheath.

FIG. 29 illustrates a cross section view along H-H' in FIG.
27 where the balloon is deflated. FIG. 30 illustrates a cross
section view along I-I' in FIG. 28 where the balloon is
inflated. The guide member is at or near the center of the spiral
of the imaging sheath. Thus, the imaging sheath shrinks
toward the center to reduce the overall radius of the assembly
when the balloon is deflated and expands to be substantially
uniformly close a spiral section of the wall when the balloon
is inflated. FIGS. 29 and 30 also illustrate a loop/attachment
area (469) which constrains the imaging sheath (463) to the
outer surface of the balloon (461). The loop/attachment area
(469) does not constrain the imaging sheath (463) in the
longitudinal direction so that, when the balloon is deflated or
inflated, the imaging sheath is not compressed or stretched
longitudinally. The loop/attachment area (469) can be applied
only at several locations along the imaging sheath. The loop/
attachment area can also extend in along the imaging sheath
to define a lumen.

The imaging sheath may be flexible so that the imaging
sheath stretches with the outside of the balloon when the
balloon is inflated. Alternatively, the imaging sheath may be
slidable with respect to the imaging sheath (e.g., in a lumen
attached to the balloon or constrained along a spiral on the
outside of the balloon). Alternatively, the imaging sheath is
pre-formed with a small spiral radius so that the imaging
sheath wraps around the balloon. When the balloon is
inflated, the balloon temporarily expands the imaging sheath.
When the balloon is deflated, the imaging sheath springs back
to the small spiral radius to remain wrapped on the balloon.

In one embodiment of the present invention, when the
balloon (441 or 461) is inflated or deflated, the spiral pitch for
the imaging sheath remains substantially the same. When the
spiral pitch is fixed, the length of the imaging sheath in the
spiral changes as the spiral radius changes. In one embodi-
ment, the imaging sheath is attached at or near the distal end
of the balloon’s major Outside Diameter (OD) and the imag-
ing sheath is designed to accommodate the length changes
caused by the balloon’s inflation. In one implementation, the
imaging sheath has one or more telescoping sections; loops, a
channel, or segments of channels are used to loosely constrain
the imaging sheath to the balloon; alternatively, the imaging
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sheath is fixedly attached to the balloon OD at one or more
locations between telescoping sections of the imaging sheath.
In one implementation, the imaging sheath is constrained
along a spiral path outside balloon (e.g., using a number of
loops, or a transparent/translucent channel, or a number of
segments of channels); the imaging sheath is slidable along
the spiral path to adjust the length of the imaging sheath in the
spiral over the balloon. For example, when the balloon is
inflated, a length of the imaging sheath is pulled into the spiral
located outside the balloon by the balloon inflating force.
When the balloon is deflated, the length of the imaging sheath
can be withdrawn at the proximal end (or pushed out from the
spiral by the deflating balloon) to wrap the imaging sheath
tightly on the balloon. Alternatively, the imaging sheath is
made of an elastic material, which can stretch and shrink back
to conform to the OD of the balloon.

FIGS. 31-38 illustrate an imaging assembly with a plurality
of imaging sheaths according to one embodiment of the
present invention. In FIG. 31, a guidewire (507) is slidable
and rotatable with respect to a tube (503). Two imaging
sheaths spiral around the guidewire that extends outside the
tube (503). The distal ends of the imaging sheath are fixed to
the distal end (510) of the guidewire. The proximal ends of the
imaging sheath are fixed to the tube (503). The tube contains
lumens connected to the imaging sheath to provide continu-
ous passageways for the optical fibers (505) of the OCT
system.

When the guidewire (507) fully extends outside the tube,
the spiral length of the imaging sheaths is stretched to fully
reduce the spiral radius. Thus, the imaging sheaths (501) wrap
around the guidewire (507) as illustrated in FIG. 31.

When the guidewire (507) slides into the tube, the spiral
length of the imaging sheaths is shortened to increase the
spiral radius. Thus, the spirals of the imaging sheaths (501)
expand in radius, as illustrated in FIG. 32. Further, the
guidewire can rotate with respect to the tube to change the
number of spiral turns and thus the spiral radius. FIG. 33
illustrates the spirals with the reduced number of spiral turns
and the increased spiral radius, after the tube (503) is rotated
with respect to the guidewire (507) from the position in FIG.
32. Inpractice, the tube is typically not rotated with respect to
the vessel; the guidewire is rotated with respect to the vessel
so that the tube and the guidewire rotate with respect to each
other. The relative rotation between the tube and the
guidewire adjusts the number of spiral turns. Similarly, the
relative longitudinal translation between the tube and the
guidewire adjusts the spiral length. One may hold the tube
still with respect to the vessel and move the guidewire with
respect to the tube to adjust the spiral length and the number
of spiral turns, or hold the guidewire still with respect to the
vessel and move the tube with respect to the guidewire, or
move both the guidewire and the tube with respect to the
vessel to cause relative movement between the guidewire and
the tube. Further, in one embodiment, the imaging sheaths can
slide in the tube to adjust the length of imaging sheaths in the
spirals (e.g., through advancing or withdrawing a length of
the imaging sheaths into the tube while holding the guidewire
and the tube still). Selectively adjusting the length of the
imaging sheath in the spiral, the spiral length and the number
of spiral turns can expand or collapse the spiral.

The example of FIGS. 31-33 illustrates an embodiment in
which each imaging sheath houses its own imaging core and
each of the imaging core has an optical fiber (505) attached
and connected to the proximal end of the assembly. Each of
the imaging cores can scan a spiral section of the wall close to
the corresponding imaging sheath. Altematively, a single
imaging core may be inserted into one of the imaging sheath
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for scanning a spiral section of the wall close to the imaging
sheath in which the imaging core is housed. Different spiral
sections of the wall can be scanned through inserting into and
sliding out from the imaging sheaths one after another.

The OCT images of the spiral sections of the wall can be
combined to provide a more complete view of the wall. When
the spiral sections overlap, a 360-degree of circumferential
image of the wall can be constructed.

Although the example of FIGS. 31-38 illustrates only two
imaging sheaths, from this description it will be apparent to
one skilled in the art that a plurality of imaging sheaths (e.g.,
three or more) can be used in general. It will also be apparent
to one skilled in the art that the embodiments described rela-
tive to FIGS. 15 through 17 and 23 through 30 may be simi-
larly modified to contain multiple imaging sheaths.

FIGS. 34-36 illustrate cross section views along M-M/,
N-N'and O-0O' in FIG. 31, where the guidewire fully extends
outside the tube (503) to collapse the spirals of the imaging
sheaths onto the guidewire (507). The spiral radius d, (511) is
small in FIG. 35, since the imaging sheaths wrapping tightly
around the guidewire (507). In the small radius configuration,
the distal portion of the imaging assembly can be inserted into
and moved along an internal channel (e.g., an artery) to reach
a target location. FIGS. 34-36 show the different positions of
the imaging sheaths (501) relative to the guidewire (507) at
different cross sections according to the spirals.

FIG. 37 illustrates a cross section view along P-P' in FIG.
32, where the guidewire slides into the tube (503) to expand
the spirals of the imaging sheaths. The spiral radius d, (513)
is larger than d, (511) so that the imaging sheaths are close to
the spiral sections of the wall of the internal channel.

FIG. 38 illustrates a cross section view along Q-Q'in FIG.
33, where the guidewire has been rotated to reduce the num-
ber of spiral turns of the imaging sheath and expand the
spirals of the imaging sheaths. The spiral radius d, (515) is
larger than d, (513) so that the imaging sheaths are moved
closer to the wall of the internal channel (or to gently contact
the wall).

FIGS. 39-42 illustrate an imaging assembly with a spiral
balloon covering the imaging sheath according to one
embodiment of the present invention. In FIG. 39, the spiral
balloon is deflated so that the overall radius of the distal
portion of the assembly is small. In FIG. 40, the spiral balloon
is inflated. The imaging sheath spirals around the guide mem-
ber (537) regardless whether the spiral balloon is inflated or
not. When the spiral balloonis inflated, the balloon pushes the
blood in the vessel out of the region between the spiral imag-
ing sheath (531) and a spiral section of the vessel wall so that
the flow of the blood in the vessel is mainly in the region
outside the light path between the imaging sheath and the
vessel wall. At least the portion of the spiral balloon between
the vessel wall and the imaging sheath is transparent or
adequately translucent. The spiral balloon allows blood flow
even after the balloon is fully inflated. The spiral radius of the
imaging sheath does not change. The inflated spiral balloon
reduces the thickness of the layer of blood between the imag-
ing sheath and the vessel wall to that smaller than the imaging
depth so that the vessel wall can be clearly scan imaged.

FIG. 41 illustrates a cross section view along R-R' in FIG.
39. The spiral balloon (533) covers the imaging sheath (531).
When the balloon is deflated, the overall radius of the distal
portion is small so that the distal portion of the assembly can
be moved to a target location in the blood vessel. In one
embodiment, deflated balloons are folded (not shown in
FIGS. 39 and 41). Thus, the balloon is not significantly
stretched (a non-compliant balloon) or significantly stretched
(a compliant balloon) when fully inflated as in FIGS. 40 and
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42. Alternatively, elastic balloons that are fully elastic over
the range of use can be used (as shown in FIGS. 39-42).

FIG. 42 illustrates a cross section view along S-S' in FIG.
40. The spiral balloon (533) expands to expel the blood from
aregion between the imaging sheath (531) and a spiral section
of the vessel well to reduce or eliminate the blood effect. The
spiral radius of the imaging sheath remains the same; and the
shape and the position of the spiral of the imaging sheath
relative to the guide member (537) is not changed.

In one embodiment, the imaging sheath is integrated with
the guide member. After the imaging of'a spiral section of the
vessel wall, the spiral balloon is deflated; and the distal por-
tion is repositioned for the imaging of a different spiral sec-
tion of the vessel wall (e.g., for the same segment of the vessel
or a different segment of the vessel). For example, the guide
member may be moved along the vessel for a distance (e.g., a
half or one third of the spiral pitch) for the imaging of a
different spiral section; alternatively, the guide member may
be rotated (e.g., for 60 or 90 degrees) for the imaging of a
different spiral section. Alternatively, the guide member may
include a guidewire and a lumen housing the guidewire. The
imaging sheath is attached to guide member so that when the
guide member rotates and/or slides with respect to the
guidewire, the imaging sheath can be repositioned for the
imaging of a different spiral section.

FIGS. 43-46 illustrate an imaging assembly with a straight
imaging sheath enclosed in a spiral balloon according to one
embodiment of the present invention. In FIG. 43, a transpar-
ent or adequately translucent spiral balloon (533) covers a
spiral portion of the imaging sheath (531). The spiral balloon
spirals around the imaging sheath to cover a spiral portion of
the imaging sheath. The imaging sheath and the spiral balloon
are connected to the distal end of a catheter (541), which
includes an air or fluid passageway (543) for inflating or
deflating the balloon and a fiber lumen (545) as a passageway
for the optical fiber (535) which is a part of the imaging core
in the imaging sheath (531). In one embodiment, deflated
balloons are folded (not shown in FIGS. 43 and 45). Thus, the
balloon is not significantly stretched (a non-compliant bal-
loon) or significantly stretched (a compliant balloon) when
fully inflated as in FIGS. 44 and 46. Alternatively, elastic
balloons that are fully elastic over the range ofuse can be used
(as shown in FIGS. 43-46).

FIG. 44 shows the spiral balloon clearing a spiral region
outside the imaging sheath to reduce or eliminate the blood
effect for the OCT imaging of a spiral portion of the wall of
the blood vessel. After the spiral balloon is inflated to gently
contact or move closer to a spiral section of the vessel wall,
the beam from the imaging core in the imaging sheath can be
projected from within the balloon, through the balloon onto a
spiral section of the vessel wall without having to pass a
significant layer of blood. Thus, the blood effect on OCT
imaging for the spiral section of vessel wall can be eliminated
or reduced to acceptable levels.

FIG. 45 illustrates a cross section view along T-T" in FIG.
43. The spiral balloon (533) covers a spiral section of the
imaging sheath (531). When the balloon is deflated, the over-
all radius of the distal portion is small so that the distal portion
can be positioned or repositioned in the blood vessel.

FIG. 46 illustrates a cross section view along U-U'" in FIG.
44. The spiral balloon (533) expands to push the blood from
aregion between the imaging sheath (531) and aspiral section
of the vessel well to reduce or eliminate the blood effect. The
imaging sheath remains substantially straight when the spiral
is inflated. The inflated spiral balloon occupies only a portion
of the cross section of the vessel (e.g.. a quarter to half of the
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cross section area of the vessel). Thus, the inflated spiral
balloon does not block the blood flow in the vessel.

In one embodiment, the spiral balloon (533) is rotatable
about and/or slidable along the imaging sheath (e.g., the spiral
balloon is mounted on a transparent or adequately translucent
tube which is outside the imaging sheath and movable with
respect to the imaging sheath). Thus, after scanning a spiral
section of the vessel wall, the spiral balloon can be deflated,
repositioned with respect to the imaging sheath, and inflated
again for the scanning of a different spiral section.

FIGS. 47-50 illustrate an imaging assembly with a plurality
of tendons on a portion of the assembly to reduce bending
according to one embodiment of the present invention. FIG.
47 illustrates a transition section of the imaging assembly.
The distal portion of the imaging assembly includes an imag-
ing sheath (551) and a tendon lumen wall (553) spiraling on
the opposite sides of a guide member (557). The tendon (565)
1s attached to the distal end of the imaging assembly or tendon
lumen wall (553). When the tendon enclosed within the ten-
donlumen wall (553) is in tension, the tendon bends the distal
portion into a spiral, as illustrated in FIGS. 18-20. However,
in the proximal portion of the assembly, it is desirable to
reduce the bending of the assembly so that the assembly
remains substantially straight even when the tension force is
applied to the tendon enclosed within the tendon lumen wall
(553) of the distal portion: this proximal portion ofthe assem-
bly bends according to the turns of the vessel, not the tension
force applied to bend the distal portion of the assembly.

In one embodiment of the present invention, to reduce or
eliminate the bending moment caused by the tension force, a
transition portion (569) is used to connect a plurality of ten-
dons to the tendon enclosed within the tendon lumen wall
(553) of the distal portion. After the transition portion (e.g.,
near the cross section L-L'"), the plurality of tendons are dis-
tributed around the outside of the assembly so that the result-
ing tension forces in the tendons cause a small or no net
bending moment for the assembly. For example, when two
tendons are used in the cross section L-L', the tendons (565
and 567) can be placed to balance the bending moments
resulting from the tension forces and cause little or no bend-
ing moment at the cross section of the assembly. To apply
equal forces on the tendons (565 and 567), a pulley as shown
in FIGS. 51 and 52 can be used.

Although the example of FIGS. 47-50 shows the use of two
tendons to reduce or eliminate the bending moment on a
portion of the assembly, it is understood that a plurality of
tendons can be distributed outside the assembly to reduce or
eliminate the net bending moment produced by the tension
forces. Further, the tendons may further merge to form a
circular shell round the assembly.

FIG. 48 shows a cross section view along J-I' in FIG. 47.
Near the cross section along J-I' in FIG. 47, the tendon lumen
wall (553) and imaging sheath (551) spiral around the guide
member (557). The tendon lumen wall (553) is on the oppo-
site side of the imaging sheath (551). When a tension force is
applied on the tendon (555), the tension force of the tendon
causes a bending moment to bend the distal portion of the
assembly into a spiral.

FIG. 49 shows a cross section view along K-K' in FIG. 47.
Near the cross section along K-K' in FIG. 47, the tendon and
the tendon Iumen starts to split into two. For example, the
tendon (555) in the portion near the cross section of J-J' splits
into the two tendons (565 and 567). Each of the tendon (565
and 567) provides half of the tension force required by the
tendon (555) in the distal portion of the assembly.
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Between cross section K-K'and L-L', the tendons (565 and
567) are routed to positions to reduce or eliminate the overall
bending moment caused by the tension force.

FIG. 50 shows a cross section view along L-L' in FIG. 47.
Near the cross section along L-L'in FIG. 47, the tendons (565
and 567) are housed in separate lumens (566 and 568). The
tendons (565 and 567) are arranged on the opposite sides of
the geometric or bending center of this portion of the assem-
bly so that when equal tension forces are applied on the
tendons (565 and 567), the resulting net bending moment on
the cross section is significantly reduced or completely elimi-
nated.

Typically, the tension forces in the tendons are generated
through pulling the tendons relative to the tendons’ lumen
walls. While the tendons are in tension, the tendons lumen
walls and the part of the assembly that it is coupled to (e.g,,
fixedly attached to) are in compression. The resultant of the
compression forces that counterbalance the tension forces in
the tendons is typically centered at or near the geometric
center of the cross section of the assembly (e.g., when a same
type of material is used to form the tendon lumen walls in a
symmetric design and the part of the assembly that is fixedly
coupled to the tendon lumen walls). Thus, when the resultant
of the tendon tension forces is also centered at the geometric
center of the cross section of the assembly, there will be no net
bending moment generated from pulling the tendons.

Thus, the distribution of the tendons on the rest of the
assembly significantly reduces or completely eliminates the
bending moment caused by the tension forces of the tendons.
When the tendons at the proximal end of the assembly are
pulled to put the tendon in the distal end in tension, which
bends the distal portion of the assembly into a spiral, the rest
of the assembly is still substantially straight.

FIGS. 51-52 illustrate an assembly to balance the forces in
two tendons for an imaging assembly according to one
embodiment of the present invention. FIG. 51 shows a side
view of a pulley (571) used to balance the forces on the
tendons (565 and 567) at the proximal end of an imaging
assembly for bending a distal portion of the imaging assem-
bly. When a force F (573) is applied on the axis of the pulley
(571), the pulley (571) distributes equal tension forces on the
tendons (565 and 567). FIG. 52 shows a top view of the pulley
(571) balancing the forces for the tendons (565 and 567). The
pulley (571) can rotate freely about the axis (573). When the
forces applied on the tendons (565 and 567) are not equal, the
unbalanced forces cause the pulley to rotate until the tension
forces in the tendons are equal.

FIGS. 51-52 illustrate an example of using a pulley to
directly balance the forces in the tendons. Alternatively, the
forces in the tendons can be substantially balanced indirectly
through the control of the amount of stretch in the tendons.
For example, when the tendons have the same cross section
area and the same length when not in tension, the same
amount of stretch applied on the tendons generates the same
amount of tension forces in the tendons. Thus, a device can be
used at the proximal end of an imaging assembly to provide
equal amount of stretch for each of the tendons to substan-
tially balance the forces in the tendons and to reduce or
eliminate the bending moment caused by the forces in the
tendons.

Further details about a tendon deflection system with
reduced bending moment can be found in a co-pending U.S.
patent application Ser. No. 10/255,034, filed Sep. 25, 2002,
which is incorporated here by reference.

FIG. 53 illustrates a catheter assembly according to one
embodiment of the present invention. The distal portionof the
assembly (610) includes a guidewire (607) and an imaging
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sheath (601) spiraling around the guidewire (607). The imag-
ing sheath (607)is attached to the guidewire (607) at the distal
end, as illustrated in FIG. 15. Thus, when the guidewire is
pulled, the spiral of the imaging sheath (601) is compressed in
length and expanded in diameter, as illustrated in FIG. 16.
When the guidewire extends out, the spiral of the imaging
sheath collapse around the guidewire, as illustrated in FIG.
15.

A portion (620) that is close to the distal portion (610) may
include a balloon (603). The balloon (603) may be inflated or
deflated through an opening (615) to an air or fluid passage-
way 609. An opening (613) connected to the saline passage-
way (611) can be used to inject saline. This portion may
further include one or more needles (not shown in FIG. 53) for
delivering therapeutic substances to the blood vessel wall
(e.g., according to the diagnosis based on the OCT imaging
using the imaging sheath (601)). The balloon may be used to
positioning the needle(s) for delivering therapeutic sub-
stances. After the imaging of the internal wall of an artery for
the detection of a vulnerable plaque, the operator can push the
guidewire so that the radius of the spiral of the imaging sheath
shrinks and the imaging sheath wraps around the guidewire;
then, the operator may advance this portion (620) to the
location of the detected vulnerable plaque for treatment.

The proximal portion (630) is can be manipulated outside
a body to operate the distal portion (601) that is inserted into
the artery for OCT scanning. For example, the guidewire
(607) at the proximal portion (630) can be pulled to cause the
spiral of the imaging sheath at the distal portion to expand and
gently contact the vessel wall; and the guidewire (607) can be
pushed at the proximal portion (630) to cause the spiral of the
imaging sheath at the distal portion to collapse for reposition-
ing. The optical fiber (605) is connected to the imaging head
in the imaging sheath through a passageway in the catheter
and the imaging sheath. The optical fiber (605), which may be
wrapped within a sleeve, can be pulled (or pushed) and
rotated to perform OCT scan using the imaging head in the
imaging sheath in the distal portion. Air or fluid can be
applied at the air or fluid passageway (609) at the proximal
portion to inflate the balloon (603); and, saline can be applied
at the saline passageway to inject saline into the artery.

FIG. 53 illustrates a particular type of distal portion with a
guidewire and a spiral imaging sheath. Other types of distal
portions for an imaging assembly, such as those illustrated in
FIGS. 6-46, can also be used. From this description, a person
skilled in the art can envision various different combinations
of different portions of the imaging assembly for OCT imag-
ing and for therapeutic operations. Embodiments of the
present invention are not limited to the particular combina-
tions illustrated in the Figures.

From this description, it is understood that various assem-
blies according to embodiments of present invention, as illus-
trated in FIGS. 6-53 can be used for OCT imaging as well as
photodynamic therapy to the vessel wall and/or to perform the
optical temperature measurement of the vessel wall. The
imaging sheath can be used to host the core for OCT imaging,
for photodynamic therapy, and/or optical temperature mea-
surement.

FIG. 54 illustrates a method of using an imaging assembly
according to one embodiment of the present invention. After
collapsing an imaging sheath of an OCT system into a small
radius configuration (e.g., to be substantially straight or to
spiral with a small radius) (701), an operator inserts the imag-
ing sheath into a body lumen (e.g., artery) while the imaging
sheath remains in the small radius configuration (703). For
example, the operator may insert the straight guidewire into a
spiral imaging sheath to straighten the imaging sheath as
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illustrated in FIG. 7, or pull the spiral guidewire out of the
straight imaging sheath as illustrated in FIG. 10 or FIG. 13, or
extend or push the guide member out of the tube to collapse
the spiral imaging sheath around the guide member as illus-
trated in FIG. 15, or relax the tendon to substantially
straighten the imaging sheath as illustrated in FIG. 18, or
deflate the balloon in the distal portion as illustrated in FIG.
23,27, 39 or 43. The portion of the imaging assemble being
inserted into the body lumen is flexible enough to be able to
follow the gentle turns of the body lumen without causing
damage to the body lumen. The distal portion of the imaging
assembly may have radiopaque markers (and/or OCT detect-
able features) so that the imaging sheath can be guided into a
target location for OCT scanning.

After expanding the imaging sheath into a large radius
configuration (e.g., to spiral with a large radius to gently
contact or move closer to the vessel wall along the imaging
sheath) without substantially blocking the body lumen (e.g,,
without blocking the blood flow in artery) (705), the operator
performs an OCT scan using an OCT imaging core in the
imaging sheath (e.g.. to detect Vulnerable Plaque in coronary
without flushing) (707). For example, the operator may pull
the straight guidewire out of the spiral imaging sheath to
cause the imaging sheath to spiral in the blood vessel as
illustrated in FI1G. 6, or insert a spiral guidewire to force the
imaging sheath to spiral as illustrated in FIG. 9 or FIG. 12, or
pull the guide member into the tube or rotate the guide mem-
ber with respect to the tube to expand the imaging sheath
spiral as illustrated in FIG. 16, or pull the tendon to bend the
imaging sheath into a spiral as illustrated in FIG. 19, or inflate
aballoon in the distal portion as illustrated in FIG. 24, 28, 40,
or 44. In general, any OCT imaging techniques can be used
with the present invention. Further, imaging techniques other
than OCT may also be used with the present invention, espe-
cially those that may degrade in the imaging quality in the
presence of a thick layer of blood between in the vessel and
the imaging sheath. Further, the catheter system can also be
used for optical temperature sensing through receiving lights
at the core and/or for photodynamic therapy through deliver-
ing an optical beam from the core.

After collapsing the imaging sheath of the OCT system
into the small radius configuration (709), the operator retreats
the imaging sheath from a body lumen (711) or repositions it
in the body lumen for further imaging. Alternatively, the
operator may further advance a needle portion of the catheter
assembly to provide treatments for a portion of the imaged
section of the vessel wall according to the diagnosis based on
the OCT imaging. The OCT imaging may also be used to
guide the needle portion into a diseased portion of the vessel
for treatment. Alternatively, the operator may reposition the
imaging sheath for the scan of different portions of the vessel
wall.

In the foregoing specification, the invention has been
described with reference to specific exemplary embodiments
thereof. It will be evident that various modifications may be
made thereto without departing from the broader spirit and
scopeofthe invention as set forth in the following claims. The
specification and drawings are, accordingly, to be regarded in
an illustrative sense rather than a restrictive sense.

What is claimed is:
1. A method to operate an assembly, the method compris-
ing:
selecting, based on a known radius of a blood vessel, the
assembly having a pre-shaped spiral radius wherein a
pitch length of spirals is less than ten times the radius of
the vessel;
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inserting a distal portion of the assembly into the blood
vessel, the distal portion of the assembly having a sheath
housing a core capable of at least one of: projecting a
light onto a portion of the vessel and receiving a light
from a portion of the vessel,

operating at a proximal portion of the assembly to expand
the spiral radius having a plurality of spirals of the sheath
in the vessel; and

optically imaging the portion of the vessel with the core
while the core moves through the spirals.

2. The method of claim 1, wherein said operating com-

prises:

moving a portion of a guidewire out of the distal portion of
the assembly, the portion of the guidewire being sub-
stantially straight, the distal portion of the assembly
being pre-shaped into spirals in absence of the portion of
the guidewire.

3. The method of claim 2, further comprising:

inserting the portion of the guidewire into the distal portion
of the assembly to temporarily straighten the distal por-
tion; and

repositioning the distal portion in the vessel while the
guidewire is straightened.

4. The method of claim 2, further comprising:

moving the portion of the guidewire out of the distal por-
tion of the assembly to allow the distal portion to recover
back to a substantially straight shape; and

repositioning the distal portion in the vessel while the
guidewire is in the substantially straight shape.

5. A method of scanning a vessel wall of a blood vessel,

comprising:
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selecting, based on a known radius of the blood vessel, an
assembly having a pre-shaped spiral radius wherein a
pitch length of spirals is less than ten times the radius of
the vessel,

slidably displacing a core in a longitudinally extending
spiral pattern having a plurality of spirals within an inner
surface of the vessel wall, the core being capable of at
least one of projecting and receiving light; and

optically imaging the portion of the vessel with the core
while the core moves through the spirals.

6. The method of claim 5, further comprising:

imaging the inner surface of the vessel wall for the pres-
ence of a diseased region;

wherein the core is slidable along a spiral member having
an orthogonal distance between adjacent spiral loops
which is shorter than a minimum length of diseased
regions to be detected plus two times an effective imag-
ing depth of the core.

7. A method of scanning a vessel wall of a blood vessel,

comprising:

selecting, based on a known radius of the blood vessel, an
assembly having a pre-shaped spiral radius wherein a
pitch length of spirals is less than ten times the radius of
the vessel;

slidably displacing a core in a longitudinally extending
spiral pattern of a sheath having a plurality of spirals
within an inner surface of the vessel wall, the core being
capable of at least one of projecting and receiving light;
and

imaging the inner surface of the vessel wall for the pres-
ence of a diseased region while the core slides along the
spiral pattern.
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