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quency of a magnetic resonance imaging system. The resonant circuit is con-
structed of at least one inductor and at least one capacitor. The inductor (10) is
wound about at least one of the struts (15).



10

15

20

25

30

35

CA 02617899 2008-02-04

WO 2007/018611 PCT/US2006/009818

TITLE

MRI Resonator System with Stent Implant

CROSS-REFERENCE TO RELATED APPLICATIONS

Not Applicable

BACKGROUND OF THE INVENTION

Field of the Invention

In some embodiments this invention relates to implantable medical
devices, their manufacture, and methods of use. Some embodiments are directed to
delivery systems, such as catheter systems of all types, which are utilized in the delivery

of such devices.

Description of the Related Art

A stent is a medical device introduced to a body lumen and 1s well known
in the art. Typically, a stent is implanted in a blood vessel at the site of a stenosis or
aneurysm endoluminally, i.e. by so-called "minimally invasive techniques” m which the
stent in a radially reduced configuration, optionally restrained in a radially compressed
configuration by a sheath and/or catheter, is delivered by a stent delivery system or
"introducer" to the site where it is required. The introducer may enter the body from an
access location outside the body, such as through the patient's skin, or by a "cut down"
technique in which the entry blood vessel is exposed by minor surgical means.

Stents, grafts, stent-grafts, vena cava filters, expandable frameworks, and
similar implantable medical devices, collectively referred to heremafter as stents, are
radially expandable endoprostheses which are typically intravascular implants capable of
being implanted transluminally and enlarged radially after being introduced
percutaneously. Stents may be implanted in a variety of body lumens or vessels such as
within the vascular system, urinary tracts, bile ducts, fallopian tubes, coronary vessels,

secondary vessels, etc. Stents may be used to reinforce body vessels and to prevent
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restenosis following angioplasty in the vascular system. They may be self-expanding,
expanded by an internal radial force, such as when mounted on a balloon, or a
combination of self-expanding and balloon expandable (hybrid expandable).

Stents may be created by methods including cutting or etching a design
from a tubular stock, from a flat sheet which is cut or etched and which is subsequently
rolled or from one or more interwoven wires or braids.

After stent implantation, it is often desirable as a part of a patient’s post-
implantation routine to examine the lumen of the stent. Furthermore, it is preferably to
use a non-invasive technique such as magnetic resonance imaging (MRI) for such an
examination. Although producing excellent imaging results of the body in general, MRI
can produce poor quality imaging of stent lumens, a result of the Faraday cage effects
caused by the conductive properties of the stent structure and the electromagnetic field of
the MRI process.

The art referred to and/or described above is not intended to constitute an
admission that any patent, publication or other information referred to herein 1s "prior art"
with respect to this invention. In addition, this section should not be construed to mean
that a search has been made or that no other pertinent information as defined in 37 C.F.R.
§1.56(a) exists.

All US patents and applications and all other published documents
mentioned anywhere in this application are incorporated herein by reference in their
entirety.

Without limiting the scope of the invention a brief summary of some of
the claimed embodiments of the invention is set forth below. Additional details of the
summarized embodiments of the invention and/or additional embodiments of the
invention may be found in the Detailed Description of the Invention below.

A brief abstract of the technical disclosure in the specification 1s provided
as well only for the purposes of complying with 37 C.F.R. 1.72. The abstract 1s not

intended to be used for interpreting the scope of the claims.
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BRIEF SUMMARY OF THE INVENTION

In some embodiments of the present invention, the stent, with struts and a
resonating circuit, is adapted to be implanted into the lumen of a vessel. The resonating
circuit includes at least one inductive element and at least one capacitive element. The
stent struts in some embodiments are metallic and may be made from such materials as
niobium, nitinol, or a biodegradable metal, for example. Or, the stent struts may be
formed from a polymer.
| In other embodiments, the stent strut includes a notch. In such an
embodiment, the resonating circuit may be wound about the notched area in order to
reduce the profile of the circuit.

In at least one embodiment, the capacitive element of the resonating
circuit can be tubular. In such an embodiment, the tubular-shaped capacitive element can
be disposed about a stent strut. Furthermore, the inductive element of the resonating
circuit can be shaped as a coil and electrically connected to and wound about the tubular-
shaped capacitor. Alternatively, the coil-shaped inductive element can be wound around
the stent strut and then the tubular-shaped capacitive element can be fitted over and
electrically connected to the coil, like a sleeve.

In some embodiments, the capacitive element of the resonating circuit 1s
ring-shaped and disposed about the stent strut.

In at least one embodiment, the capacitive element of the resonating
circuit can be a stub. A stub is a piece of conductive material, designed to produce
specific electrical characteristics such as capacitance, that projects outwardly from a
structure. In such an embodiment, the inductive element may be a coil wound about the
stent strut and the stub electrically connected to and extending from one end of the coil.

Methods of making and using the stents described above can be embodied
in various forms. For example, some embodiments provide that an MRI resonating
system with a stent implant can be formed to include a resonating circuit wherein the
resonating circuit includes at least one capacitive element and at least one mnductive

element. Further, the resonating circuit is tuned to resonate at substantially the same
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frequency as an MRI signal. Next, the resonating circuit 1s disposed about a stent strut.
After placing the MRI resonating system within a body lumen, an MRI signal is applied.
In at least one embodiment, a method of making an MRI resonating
system with a stent implant may include forming a notched area on a stent strut. In some
embodiments, the capacitive element can then be disposed about the notched area on the

stent strut. Alternatively, other embodiments provide that the capacitive element 1s

formed about the inductive element.

BRIEF DESCRIPTION OF THE DRAWINGS

A detailed description of the invention is hereafter described with specific

reference being made to the drawings.
FIG. 1 is a perspective view of a coil wrapped about a stent strut.
FIG. 2 is a perspective view of a stent strut with a notched region.

FIG. 2a is a perspective view of a stent strut with a notched region along

the length of the strut.
FIG. 2b is a perspective view of the stent strut of FIG. 2a with a notched

region along the width.

FIG. 2c¢ is a perspective view of a stent strut with a notched region along

- the width.
FIG. 2d is a perspective view of the stent strut of FIG. 2¢ with a notched
region along the length.
FIG. 3 is a perspective view of a tubular capacitor disposed about the stent
strut.

FIG. 4 is a perspective view of a sheath capacitor disposed about a coil
wrapped around a strut.

FIG. 4a is a perspective view of a stub capacitor engaged to a coil
wrapped around a strut.

FIG. 5 is a side view of a ring capacitor.

FIG. 6 is a front view of the ring capacitor shown 1n FIG. 5.

FIG. 7 is a side view of an unexpanded coil disposed about an unexpanded

stent.
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FIG. 8 is a side view of the coil shown in FIG. 7 expanded and disposed
about an expanded stent.

FIG. 9 is a perspective view of a stent strut with a conducting tract.

FIG. 10 is a perspective view of a balloon catheter and stent with the

balloon folded around the stent.

FIG. 11 is a perspective view of balloon catheter and stent with the stent
affixed to the balloon with adhesive.

FIG. 12 is a side view of a delivery tube with a coil deformed into a
largely linear element.

FIG. 13 is a side view of the coil of FIG. 12 being extracted from a
delivery tube.

FIG.14 is a front view of a dielectric and conductor disposed about a wire.

FIG. 15 is a partial cutaway view of a sock with a flexible coil attached
therein.

FIG. 16 is a side view of a coil with barbs attached throughout the coil.

FIG. 17 is a side view of a coil with barbs attached at the ends of the coil.

FIG. 18 is a side view of a coil with barbs attached in patterns.

FIG. 19 is a side view of a polymer sheath with a circuit printed thereon
with barbs on the ends.

FIG. 20 is a side view of a coil with stent-type structures attached at the

ends of the coil.

DETAILED DESCRIPTION OF THE INVENTION

While this invention may be embodied in many different forms, there are
described in detail herein specific preferred embodiments of the invention. This
description is an exemplification of the principles of the invention and is not intended to
limit the invention to the particular embodiments 1llustrated.

For the purposes of this disclosure, like reference numerals in the figures

shall refer to like features unless otherwise indicated.
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Depicted in the figures are various aspects of the invention. Elements
depicted in one figure may be combined with, and/or substituted for, elements depicted in

another figure as desired.

FIG. 1 is a perspective view of an embodiment of the present invention. A

resonating circuit is achieved by winding a coil 10 about a strut 15 of a stent, a portion
shown generally at 20. Although the coil can be wound about around a single strut, the
coil must connected to a capacitor and the resonating circuit must encircle the interior of
the stent at least once in order to provide amplification of the area. Prior to implantation,
the circuit is tuned such that its resonating frequency substantially equals the resonant
frequency of the MRI system. Because different elements precess at different
frequencies (the Lamor frequency), the resonating frequency of the resonating circuit is
dependent upon the element used within the main magnetic field. For example, 1f
hydrogen is used, the resonating circuit must be tuned to 42.58 MHz at 1 Tesla. (Also at 1
Tesla, 17.25 MHz for phosphorous, 11.27 MHz for natrium, and 40.08 for fluorine.)

The coil 10 and stent 20 are then implanted within the lumen of a vessel.

In some embodiments of the present invention the struts 15 are metallic,
such as niobium, nitinol, or biodegradable metal. In other embodiments, the strut 15 can
be made from a polymer. It is also possible to use a biodegradable metal to form the coil
10, allowing both the coil 10 and stent 20 to degrade within the lumen, eliminating the
need for a separate medical procedure for their removal.

In some embodiments the stent, the delivery system or other portion of the
assembly may include one or more areas, bands, coatings, members, etc. that is (are)
detectable by imaging modalities such as X-Ray, MRI, ultrasound, etc. In some
embodiments at least a portion of the stent and/or adjacent assembly is at least partially
radiopaque.

In at least one embodiment of the present invention, FIG. 2 shows the strut
15 with a notched region 25. If the stent strut is tubular, the strut has a smaller diameter
in the notched region 25 than in adjacent regions. If the stent strut is not tubular, than the
strut has smaller width and/or smaller thickness in the notched region 25 than in adjacent

regions. Thus, the coil (not shown) can be wound about the strut 15 at the notched region
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25, thereby minimizing the profile of the circuit and strut combination. Exemplary struts
15 with notched regions 25 are shown in FIGs. 2a-2d.

In some embodiments the at least a portion of the stent is configured to
include one or more mechanisms for the delivery of a therapeutic agent. Often the agent
will be in the form of a coating or other layer (or layers) of material placed on a surface
region of the stent, which is adapted to be released at the site of the stent’s implantation
or areas adjacent thereto.

A therapeutic agent may be a drug or other pharmaceutical product such as
non-genetic agents, genetic agents, cellular material, etc. Some examples of suitable non-
oenetic therapeutic agents include but are not limited to: anti-thrombogenic agents such
as heparin, heparin derivatives, vascular cell growth promoters, growth factor ihibitors,
Paclitaxel, etc. Where an agent includes a genetic therapeutic agent, such a genetic agent
may include but is not limited to: DNA, RNA and their respective derivatives and/or
components; hedgehog proteins, etc. Where a therapeutic agent includes cellular
material, the cellular material may include but is not limited to: cells of human origin
and/or non-human origin as well as their respective components and/or derivatives
thereof. Where the therapeutic agent includes a polymer agent, the polymer agent may be
a polystyrene-polyisobutylene-polystyrene triblock copolymer (SIBS), polyethylene
oxide, silicone rubber and/or any other suitable substrate.

FIG. 3 depicts the capacitive element of the circuit as a substantially
tubular device 30 disposed about the strut 15 and extending substantially parallel to the
longitudinal axis 12 of strut 15. In this embodiment the inductive coil (not shown) can be
wound about and electrically connected to the tubular capacitive element 30.
Alternatively, the capacitive element can be a substantially tubular device 35 disposed
about the coil 10 that is wound about the stent strut 15, as shown in FIG. 4. Substantially
tubular device 35 extends substantially parallel to the longitudinal axis 12 of strut 15.
Although the coil and/or capacitor can be wound about around a single strut, the
resonating circuit must encircle the stent at least once in order to provide amplification of
the interior of the stent. As an alternative to being tubular, the capacitive element can be
a stub 11 engaged to the coil 10 that is wound about the stent strut 15, as shown 1n FIG.

4a. A stub is a piece of conductive material, designed to produce specific electrical
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characteristics such as capacitance, that projects outwardly from a structure. In other
embodiments, like in FIG. 5 and FIG. 6 the capacitive element 40 can be ring shaped.

Rather than being wound about a strut, another embodiment of the present
invention provides that the coil is affixed to the exterior of the stent. FIG. 7 shows an
unexpanded stent, shown generally at 20, with a coil 45 affixed to the exterior of the stent
20. When the expandable stent is in an unexpanded state, the coil, also in an unexpanded
state and sized for the expanded stent, will have additional material (or “slack’), depicted
in FIG. 7 at 45. However, once the stent 1s expanded, as shown generally at 20 1n FIG. &,
the coil 50 1s expanded thereby removing the slack 45 of FIG. 7.

There are a number of ways in which the slack 45 of coil 47 1n FIG. 7 can
be held while the stent is in the unexpanded state. The coil can be designed such that the
slack 1s folded when the coil 1s not in an expanded state. When expanded the slack of the
coil unfolds and expands. In other embodiments, rather than being folded, the slack can
take the form of springs. The springs can be fixed to the stent thereby allowing the coil
to expand as the stent expands.

FIG. 9 depicts an alternate embodiment of the resonating circuit. There,
the resonating circuit 1s formed by conducting tracts 65 attached to the outer surface of
strut 15. The conducting tract 65 comprises a conducting layer 60 applied over an
msulating layer 55. The msulating layer 55 1s applied over the conductive stent material.
This design provides the capacitive effects required for a resonating circuit. In some
embodiments, the conducing tracts 65 form a continuous helix around the stent. The
helix shape of the conducting tracts 65 provides the inductive effects. The conducting
tracts 65 can be placed upon the stent by processes similar to photolithography.

Another embodiment of the present invention, shown i FIG. 10, provides
tfor a resonating circuit 10 to be delivered within a lumen by engagement to the balloon
70 of a balloon catheter 75. FIG. 10 shows one embodiment in which the circuit 10 1s
engaged to the surface of the balloon 70 by the folds 72 of the balloon 70. That is, the
circuit 10 1s folded within the balloon 70 such that when the balloon expands, the balloon
unfolds, releasing the circuit at the desired location. In other embodiments the circuit 10
can be engaged to the balloon 70 by a biocompatible adhesive 80. The adhesive 80 can
be dissolvable, allowing the circuit 10 to be gradually released from the balloon 70. Or,
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the adhesive 80 can be designed to be brittle, allowing the circuit 10 to be quickly
released from the balloon 70. In other words, as the balloon 70 expands, the adhesive

engagement points rupture.

In FIG. 12 the resonating circuit 10, in an alternative construction, can be
delivered within the lumen of a vessel through a delivery tube 85. The coil 10 may be
formed from a shape-memory material such as nitinol, or from other elastic materials. In
this embodiment, the coil 10 is fabricated such that when combined with a capacitive
element, the combination resonates at a desired frequency. The coil 10 is then deformed
into a substantially linear wire element and inserted into a delivery tube 85. The delivery
tube is inserted into the lumen of a vessel. Once placed within the lumen, the linear wire
element 10 is extracted from the delivery tube 85, as depicted in FIG. 15. The linear wire
element 10, after a delay, will recover its former coil shape. Once the coil has fully
recovered, a stent device may be implanted within the coil. FIG. 14 depicts a preferred
embodiment of the capacitive element used in conjunction with the coil of FIGS. 12 and
13. The capacitive element is formed by applying a dielectric material 95 onto coil 90
and then applying a conductive layer 100 onto the dielectric material 95.

FIG. 15 depicts such a device formed with a sock 105 and a coil 110. The
sock 105 is constructed from a flexible and conformable fabric. The flexible and
conformable fabric allows the sock to fit over and maintain engagement with body parts
such as ankles, elbows, and knees. The coil 110 is constructed from an elastic tube. The
elastic tube is fixed in the form of a coil within the sock 105 so that the tube cannot
uncoil into a linear shape. The elastic tube can be formed from such materials as latex or
silicone. Furthermore, the elastic tube is filled with a flexible metallic material 120.
Once filled, the ends of the elastic tube are capped with caps 115 to prevent the metallic
material 120 from leaking. Also, the caps 115 contain electrical contacts, allowing the
coil 110 to connect to other electrical elements to form a resonating circuit.

As depicted in FIG. 16, an alternate construction of the present invention
provides barbs for securing a resonating circuit within the vessel. In this embodiment,
the circuit comprises a coil 10, with barbs 125 located on the exterior 130 of the coil 10,
as shown in FIG. 16a. The barbs may be hooks or spears with sufficient length and

sharpness such that they will embed into the vessel walls. In one embodiment, depicted
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by FIG. 16, the barbs 125 are located on the entire coil 10. FIG. 17 shows another
embodiment where the barbs 125 are located at both the distal end 135 and the proximal
end 140 of the coil 10, but not along the rest of coil 10. Or, the barbs may be located at
either one of the ends. Alternatively, the barbs 125 may be affixed to the coil 10 mn
predetermined patterns, as shown in FIG. 18.

In yet another embodiment, the barbs can be oriented on the coil in a
direction opposite to the direction of the expanding coil. Thus, once the coil is fully
expanded, the barb orientation prevents the coil from unexpanding.

Rather than providing a coil, FIG. 19 illustrates another construction
wherein the circuit 155 is printed on a polymer sheath 150. The polymer sheath 150 has
a proximal end 160 and a distal end 165 with barbs 125 attached to either end or both,
facing outward.

One method of delivering the polymer sheath with circuit includes
expanding the polymer sheath with outward facing barbs, engaging the polymer sheath
with a balloon catheter, compressing the polymer sheath such that the length of the
polymer sheath contracts while the diameter of the polymer sheath expands. Once the
polymer sheath has been located within the lumen, the expanded polymer sheath is held
in place by the outward facing barbs.

Another embodiment of securing the resonating circuit 10 within a vessel
comprises at least two stent structures 165 engaged to the circuit 10, as shown 1n FI1G. 20.
The circuit has proximal end 135 and distal end 140 such that one stent structure 165 1s
engaged with distal end 140 and one stent structure is engaged to proximal end 135. In
one embodiment, the stent structures 165 are formed from a shape memory material.

The above disclosure is intended to be illustrative and not exhaustive.
This description will suggest many variations and alternatives to one of ordinary skill in
this art. The various elements shown in the individual figures and described above may
be combined or modified for combination as desired. All these alternatives and
variations are intended to be included within the scope of the claims where the term
"comprising" means "including, but not limited to".

Further, the particular features presented in the dependent claims can be

combined with each other in other manners within the scope of the invention such that

10
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the invention should be recognized as also specifically directed to other embodiments
having any other possible combination of the features of the dependent claims. For
instance, for purposes of claim publication, any dependent claim which follows should be
taken as alternatively written in a multiple dependent form from all prior claims which
5  possess all antecedents referenced in such dependent claim if such multiple dependent

format is an accepted format within the jurisdiction (e.g. each claim depending directly
from claim 1 should be alternatively taken as depending from all previous claims). In
jurisdictions where multiple dependent claim formats are restricted, the following
dependent claims should each be also taken as alternatively written in each singly

10  dependent claim format which creates a dependency from a prior antecedent-possessing
claim other than the specific claim listed in such dependent claim below.

This PCT application claims priority from U.S. Application No.

11/198.961, filed on August 8, 2005, the entire contents of which is hereby incorporated

by reference.

11
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CLAIMS
1. A stent adapted to be implanted into the lumen of a vessel, the stent comprising at

a plurality of struts and a circuit, the circuit comprising at least one inductor and at least
one capacitor, the circuit having a resonant frequency substantially equal to the frequency
applied by a magnetic resonance imaging system, the at least one inductor in electric
communication with the at least one capacitor, the at least one inductor being disposed

about at least one strut.

2. The stent of claim 1 wherein the struts are metallic.

3. The stent of claim 2 wherein the struts are niobium.

4, The stent of claim 2 wherein the struts are nitinol.

. The stent of claim 2 wherein the struts are biodegradable metal.

0. The stent of claim 1 wherein the struts are made from a polymer.

7. The stent of claim 1 wherein at least one strut has a length, a thickness, and a

width, along the length the strut defines a notched region, the notched region having a
thickness less than the thickness of an adjacent region of the strut.

8. The stent of claim 7 wherein along the width the notched region has a width less

than the width of an adjacent region of the strut.
9. The stent of claim 1 wherein at least one strut has a length, a thickness, and a

width, along the width the strut defines a notched region, the notched region having a
width less than the width of an adjacent region of the strut.

12
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10.  The stent of claim 9 wherein along the length the notched region has a thickness

less than the thickness of an adjacent region of the strut.

11.  The stent of claim 1 wherein the at least one capacitor is a substantially tubular
5  device disposed about at least one strut such that the longitudinal axis of the at least one
strut extends substantially parallel to the longitudinal axis of the at least one capacitor,

the at least one inductor being a coil, the coil disposed about the at least one capacitor.

12.  The stent of claim 1 wherein the at least one inductor is a coil disposed about at
10  least one strut, at least one capacitor is a substantially tubular device disposed about the
coil such that the longitudinal axis of the at least one strut extends substantially parallel to

the longitudinal axis of the at least one capacitor.

13.  The stent of claim 1 wherein the at least one capacitor is ring-shaped and disposed
15  about the strut such that the longitudinal axis of the at least one strut extends through the

at least one capacitor.

14.  The stent of claim 1 wherein the at least one capacitor is a stub and the at least
one inductor 1s a coil.
20
15. A method of making and using an MRI resonating system with stent implant
comprising the steps of:
providing a circuit, the circuit comprising at least one inductive element
and at least one capacitive element, the circuit having a resonant frequency substantially
25  equal to the frequency applied by a magnetic resonance 1maging system,
disposing the inductive element about a stent strut of a stent, the stent
having an interior;
placing the MRI resonating system within a body lumen; and
applying an MRI signal.
30

13



10

15

20

CA 02617899 2008-02-04

WO 2007/018611 PCT/US2006/009818

16.  The method of claim 15 further comprising the step of forming a notched region
on the stent strut.

17.  The method of claim 15 wherein the step of disposing the inductive element about

a stent strut includes the step of first disposing the capacitive element about the stent

strut.

18.  The method of claim 15 further including the step of disposing the capacitive

element about the inductive element.

19.  The method of claim 16 wherein the inductive element is disposed about the

notched region of the stent strut.

20. A stent adapted to be implanted into the lumen of a vessel, the stent comprising
struts and a circuit, the circuit comprising at least one inductor and at least one capacitor,
the circuit having a resonant frequency substantially equal to the frequency applied by a
magnetic resonance imaging system, the at least one inductor in electric communication
with the at least one capacitor, the at least one inductor being a coil, at least one strut
having a length, a thickness, and a width, along the width the strut defines a notched
region, the notched region having a width less than the width of an adjacent region of the

at least one strut, the coil being wound about the notched region.

14
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