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(57) Abstract: A variable curvature stent
limb (100) is disclosed. The stent limb has
an S-shape enabling it to be compressed into
a substantially flat condition. A stent (195)
formed from a plurality of these variable
curvature stent limbs (100) IS highly
compressible, such that it is compatible
with a low-profile delivery device. This
stent (100) may be useful over a wider range
of body vessel diameters and may possess
a greater fatigue life, since this stent may
provide a more controlled constant radial
force.
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. VARIABLE CURVATURE STENT

The present invention relates to a variable curvature stént limb, to a stent
and to a medical prosthesis including a stent.

A stent is an expandable prosthesis that can be delivered into a body
vessel or passageways such as blood vessels, respiratory ducts, gastrointestinal
ducts, urinary vessels, and the like. Stents have been employed to tr'faat'a host of
diseases and disorders, including abdominal aortic aneurysms, coronary artery
disease, and blockage of the bile duct. These devices are typically deployed in a
compressed state using a catheter, of which there are many different types. In the
case of arterial disease, a catheter can be guided through a patient's arterial - |
system, until the catheter’s distal end reaches a desired‘ location nwithin the patient,
typically a constriction or lesion in an artery. Once the catheter is correctly |
positioned inside the artery, the stent can be released. During the deployment
process the stent is converted or expanded from a compressed state to an
expanded deployment state that serves to provide support to and/or keep open the
artery. '

Stents can generally be divided into two types with regard to the manner in
which they are converted from the compressed state to the expandéd state.

" These groups are self-expanding stents and balloon expandable stents. Self-
expanding stents, as the name suggests, will automatically expand from the
compressed state to the expanded state wheﬁ they are released from the catheter.
Balloon expandable stents, on the other hand, are mounted on the exterior of a

- balloon that is located toward the distal end of the catheter. Conversion froin the
compressed state to the expanded state is achieved by inflating the bailoon, which
concomitantly expahds the balloon expandable stent. |

) US-A-5,630,829 discloses an intraluminal stent constructed to provide
improved hoop strength over conventional stents. The stent includes a plurality of
elongated members extending in a circumferential direction around an axis and
curving ir} two opposite directions transverse to the circumferential direction. Each
of the elongated members is curved over substantially its entire extent, preferably
so that the curved portions define an arc of a circle. The elongate members are
joined to one another at cusps pointing in opposite axial directions. The cusps are
movable in opposite axial directions between an expanded condition in which the
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opposed cusps are relatively close to one another and the elongated members
define an expanded circumference, and a collapsed condition in which the
dpposed cusps are relatively distant to one another and the elongated members
define a collapsed circumference which is smaller than the expanded
circumference. The stent may be formed as a single’'loop or as a plurality of loops -
extending in an axial direction. The filaments of the stent members may have
rectangular cross-sections.and the elongate members need not have a constant
radius of curvature. |
US-B-6,819,782 discloses a stent in which the Iith‘bs have been fabricated
from a medium havihg a cross sectional profile in which least one segment is flat
and stralght
One drawback commonly associated wnth self-expanding stents is that they

must be compressed from the expanded state to a compressed state so that they
-can be loaded into the catheter. Cempressing these stents typically strains the
stent and also requires a radial contracting force applied to the stent. The
amounts of strain and radial force created will depend on the specific design of the
stent, the maferials from which the stent is constructed, and the extent to which

' the stent is compressed. In many cases, the amount of etrain and the amount of
radial force increase as the stent is compressed to smaller diameters. Eventually,
the strain may become so severe that the stent will undergo permanent
deformation or failure. As a result, this strain may limit the degree to which the
stent can be compressed. Smce the amount of radial force increases as the stent
is compressed to smaller diameters, it becomes progressively more difficult to
compress these stents to smaller diameters. Thus, it may be difficult to compress
these stents to the desired diameter, especially when a very small diameter ie
sought to be achieved. Furthermore, the increased radial force applied to the
stent makes it much more difficult to release the compresséd stent from the
catheter, since the amount of radial force present is directly proportional to the
amouht of friction that will occur between the compressed stent and the inside of

the catheter.
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Another problem with many of the current designs is that they have a short
fatigue life. In terms of a stent, the fatigue life is the number of cycles of
compression/expansion that the stent.can undergo before it fails or permanently
deforms. For example, arterial stents undergo cycling due to normal blood ﬂoW
through a patient’s blood vessels. With every heart beat, the heart creates a surge
of blood that pulses through the blood veésels, causing them to expand. Once this
surge of blood passes, the blood vessel contracts. Thus, the stent is continuously
compressed and expaﬁded. In many current stent designs, the stresses created
by this Cycling are focused at specific régions within the stent and consequently
these regions are the first to deform permanently. 4

The present invention seeks to-provide an improved stent structure, and
improved stent and an improved medical prosthesis including such a stent.

According to an aspect of the present invention, there is provided a variable
curvature stent limb including a first variably curved region attached to an inner
region, the first variably curved region ucomprisin‘g a first radius of curvature varying
along the length thereof, wherein the first radius of curvature is non-constant; a
second variably curved region attached to an inner Aregion, the second variably
curved region comprising a second radius of curvature varying along.the length
thereof, wherein the second ‘radfus of curvature is non-constant; and wherein the
first variably curved region and the second variably curved }egion face in opposite

~ directions, and wherein the length and curvature of the stent limb are such as to
provide a radial force plateau during compression of the sterit limb to a

substantially flat configuration.

The preferred embodiments provide a stent Which is capable of more -
‘evenly distributing the strain associated with cycling over va greater area of the
stent. This in turn can lower the peak magnitude of strain, resulting in a stent with
a greater fatigue life. In addition, a stent capable of more evenly distributing the
strain associated with cyclihg over a greater area of the stent should be capable of
being compressed to fit within a low-profile catheter. The preferred embodiments
can provide a stent which has a wide range of use, in that it would be capable of

being used for a range of diameters.
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According to another aspect of the present invenﬁon, there is provided a
stent including at least one stent limb as speciﬂéd herein.
According to another aspect of the present invention, there is provided a
medical prosthesis including a stent as specified herein.
Embodiments of the présent invention are described below, by way of
example only, with reference to the accompanying drawings, in which:
Fig. 1a illustrates a longitudinal cross-sectional view of an embodiment of
variable curvature stent limb with a first straight region and a sec:dnd stréight
‘ region; 4 |
Fig. 1b illustrates a longitudinal cross-sectional view of an embodiment of
variable curvature stent without a first straight region and without a second straight
region; , , A
Figs. 2a, 2b and 2c illustrate longitudinal 3—dimenéiona| views of three
configurations of a variable curvature stent limb connection;
Fig. 3. demonstrates how changes in the length of a variable curvature
stent limb influence the corfesponding radial force curve;
Fig. 4 demonstrates how changes in the plateau stress of a super-elastic
material, such as a shape memory alloy, may alter the radial force curve of a
variable curvature stent limb;. - _
Fig. 5a provides a radial force diagram for a stent employing an equal
radius stent limb; ‘
' Fig. 5b provides a radial fdrce diagram for a stent employing a variable
curvature stent limb;’ : '
Fig. 6 illuétrates'the shape of an embodiment of variable curvature stent
" limb compared to an equal radius ‘of curvature stent limb;
' Fig. 7 iltustrates a plurality of variable curvature stent limbs assembled in a
pattern to create a stent. _ '
A variablé curvature stent limb is disclosed herein. A sfent formed from a
plurality of these variable curvature stent limbs may be highly compressible, such

thatitis compaﬁble with a low-profile delivery device. This stent may be useful
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over a range of body vessel diameters and may also possess an enhanced fatigue
life.

Fig. 1a illustrates a longitudinal cross-sectional view of an embodiment of
variable-curvature stent limb 100 with a first stfaight region 102 and a second
straight région 103. Fig. 1b illustrates a longitudinal cross-sectional view of a
variable Cur\)ature' stent 100 without the first straight region 102 and without the
second straight region 103. The stent limb 100 has a first end 105 and a second
end 110. The first straight region 102 begins at the first end 105 and is in this
embodiment connected to a first variably curved région 115. The first curved
region 115 may in turn be connected to an inner region 120. The inner reg‘ion'120
may serve to connect the first curved regibn 115 with a second variably curved |
region 125. The inner region 120 may be straight or curved and may extend along
a length between' the first and second curved regions 115 and 125' or may
constitute a point contact therebetween. The second curved region 125 may be
connected to the second straight region 103, where the second straight region 103
termmates at the second end 110. ‘ ‘

inone confguratlon the first curved reglon 115 and the second curved
regnon 125 may bé concave. In another conflguratlon the first curved reglon 115
and the second curved region 125 each face opposite directions. The first curved
region 115 and the second curved region 125 have a first radius of curvature 127

and a second radius of curvature 128, respectively.
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the second straight region 103, where the second straight region 103 terminates at
the second end 110.

In one configuration, the first curved region 115 and the second curved
region 125 may be concave. In another configuration, the first curved region 115
and the second curved region 125 each face opposite directions. The first curved
region 115 and the second curved region 125 have a first radius of curvature 127
and a second radius of curvature 128, respectively.

The first radius of curvature 127 and the second radius of curvature 128
are non-constant, such that the first radius of curvature 127 and the second radius
of curvature 128 vary over the length of the curved regions 115 and 125,
respectively. In one configuration, the first radius of curvature 127 and the second
radius of curvature 128 may be the same. In another configuration, the first radius
of curvature 127 and the second radius of curvature 128 may be different.

The inner region 120 may include a midpoint 130, which is located
equidistant from the first end 105 and the second end 110. In one configuration, the
stent limb 100 may be symmetrical around the midpoint 130. For example, the
curved regions 115 and 125 may have identical length and curvature and the
straight regions 105 and 125 may be of equal length. When the first curved region
115 and the second curved region 125 face opposite directions, the midpoint 130
may represent a point of inversion.

The various components of the limb 100 may be modified to affect the
mechanical properties of the limb 100. For example, in one configuration the
length of the straight regions 102 and 103 may be modified similarly. Alternatively,
the length of the straight regions 102 and/or 103 may be modified in different
manners.

In another configuration, as shown in Fig. 1b, the straight regions 105 and
125 may not be present. In this case, the first curved region 115 begins at the first
end 105 and the second curved region 125 terminates at the second end 110.

In a further configuration, the length and/or curvature of the curved
regions 115 and 125 may be modified, similarly or individually. In an additional

configuration, the length of the inner region 120 may be different. In another
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configuration, the inner region 120 may not be present so that the first curved
region 115 and the second curved region 125 are connected directly to each other.
In one configuration, the stent limb 100 may consist merely of the first curved
region 115 and the second curved region 125, where the first curved region 115and
the second curved region 125 are connected at the midpoint 130.

The material from which the stent limb 100 is constructed may also affect
the mechanical properties of the stent limb 100. The stent limb 100 may be made
of any deformable biocompatible material, such as polymeric materials, metals or
ceramic materials. In one configuration, the stent limb 100 may be made of an
elastic plastic metal, such as stainless steel. In another configuration, the stent limb
100 may be made of super elastic material, such as a shape memory alloy. Shape
memory alloys may include nitinol. In another configuration, the stent limb 100
may be made from a combination of materials.

Avariety of methods may be employed to manufacture the stent limb 100
as described herein. For example, the stent limb 100 may be formed by cutting the
stent limb 100 from a sheet or a cannula. The cutting procedure may be achieved
using a variety of techniques, including a laser. In another example, the stent limb
100 may be formed by bending a wire or ribbon into the shape desired for stent
limb 100. In a further example, the stent limb 100 may be formed by determining
the desired shape of the stent limb 100 computationally and building a form such
that the ribbon or wire may be pressed into the desired shape. Alternatively, the
ribbon or wire may be shaped by applying a load such that the ribbon or wire
acquires the desired shape.

In the preferred embodiment, a plurality of stent limbs 100 is be
assembled to form a circular or tubular stent 195 as shown in Fig. 7. A variety of
methods may be employed to join the stent limb 100 to another stent limb 100.
These methods include laser welding, fusion welding, soldering or even utilizing
biocompatible epoxies. In another example, the entire stent 195 may be
manufactured from a sheet or cannula, using a laser for example.

In another example, the stent 195, as shown in Fig. 7, may be formed by

attaching a plurality of flat segments end to end such that the stent 195 is
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assembled in a fully compressed state. Inthe c‘ase of most common super elastic
materials, the stent 195 may be expanded over successive mandrels to achieve the
appropriate size and then stress relieved. This process of expanding the stent 195
over successive mandrels may then provide the plurality of stent limbs 100
comprising the stent 195 with the desired shape.

Fig. 2a illustrates a longitudinal 3-dimensional view of a stent limb
connection 145. Fig. 2billustrates a longitudinal 3-dimensional view of a stent limb
connection 146. In one configuration, as shown in Fig. 2a, a first stent limb 150 is
attached to a second stent limb 151 via the stent limb connection 145. The stent
limbs 150 and 151 a thickness 135 and a width 140. In a preferred configuration, as
shown in Fig. 2a, the thickness 135 is greater than the width 140. In another
configuration, as shown in Fig. 2b, a first stent limb 154 may be attached to a
second stent limb 155 via the stent limb connection 146. Furthermore, the stent
limbs 154 and 155 have a width 141 and a thickness 136, where the width 141 is
preferably greater than the thickness 136.

In another configuration, as shown in Fig. 2c, a first stent limb 156 is
attached to a second stent limb 157 via the stent limb connection 147. Furthermore,
the stent limbs 156 and 157 have a width 142 and a thickness 137, where the width
142 is preferably the same as the thickness 137.

In the preferred embodiments the stent limbs are substantially
rectangular or square in transverse cross-section, as shown for example in Figs. 2a
to 2c.

When the stent limbs 154 and 155 are compressed together, the limbs
154 and 155 may be more likely to overlap than the stent limbs 150 and 151, since
the thickness 136 is smaller than the width 141 in the stent limbs 154 and 155.
However, the stent limbs 150 and 151 may be less likely to overlap upon
compression, since increasing the thickness 135 in comparison to the width 140
may make it more difficult for the limbs 150 and 151 to pass over one another
during compression. This in turn may reduce or prevent the occurrence of
permanent deformation or out of plane buckling and/or twisting in a stent

employing a plurality of limbs 150 and 151.
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It will be apparent that the stent limbs shown in Figures 2a to 2¢ can be
compressed until they are touching, in which case they will be substantially flat.

In one configuration, the thickness 135 and the width 140 may be altered
to affect the mechanical response or behavior of the stent limb 100. For example,
it may be desirable to vary the thickness 135 and the width 140 over the length of
the limb 100.

Fig. 3 demonstrates how changes in the length of the variable curvature
stent limb may influence the corresponding radial force curve. Radial force curves,
as discussed herein, provide a graphical comparison of the radial force (N) on the
y-axis versus the stent diameter (mm) on the x-axis. Thus, the radial force curve
indicates how much force is necessary to compress a stent to a given stent
diameter. The radial force curves can also be interpreted as providing the amount
of radial force that a stent will possess at a given stent diameter. In some cases, the
radial force curve may have a radial force plateau. As used herein, a radial force
plateau signifies a substantially constant radial force that exists over a range of
stent diameters and appears as a nearly flat or horizontal region on the radial force
curve. In some cases, the radial force plateau may be broader, in which case it
exists over a wider range of stent diameters, as compared to the radial force curve
of another stent. A stent with a broad radial force plateau may be capable of being
used for a wider range of diameters (i.e., diameters falling anywhere within the
diameter range of the plateau).

The radial force plateau may also vary in magnitude. For example, a
higher or greater magnitude indicates that the corresponding stent has a plateau
at a higher radial force, as compared to another stent. In fact, a higher magnitude
radial force plateau may indicate that the corresponding stent may provide better
sealing and support characteristics than a stent with a lower magnitude radial force
plateau.

Fig. 3 reveals that a decrease in the length of the stent limb 100 increases
the magnitude of the radial force and causes a more pronounced plateau. Fig. 3
provides radial force curves for four different stent limbs 100, where each of the

limbs varies in length. The radial force curves provided in Fig. 3 correspond to
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stent limb lengths of 6 mm, 8 mm, 10 mm and 12 mm. Decreasing the length of the
stent limb drives the stresses higher, such that stress induced martensite may
occur. Thereby, resulting in a desirable flattening of the radial force curve.

Fig. 4 demonstrates how changes in the plateau stress of a super elastic
material, such as a shape memory alloy, may alter the radial force curve. Fig. 4
provides radial force curves corresponding to three different stent limbs 100. Each
of these stent limbs 100 are composed of nitinol, where the nitinol in each of the
stent limbs 100 has a different plateau stress. The radial force curves correspond
to stent limbs 100 with plateau stresses of 328 MPa, 358 MPa and 388 MPa. As the
plateau stress of the stent limb 100 increases, the radial force plateaus also
increase. This may be used to optimize the design of a stent depending on the
radial force that is desired.

Fig. 5a provides a radial force diagram for a stent employing an equai
radius stent limb. Fig. 5b provides a radial force diagram for a stent employing a
stent limb 100 possessing a variable curvature. A comparison of the two figures
reveals that the equal radius stent limbs provide a radial force curve in which the
plateau is narrower, since it extends over a smaller range of diameters (Fig. ba)
than the variable curvature stent limbs 100 (Fig. 5b). Furthermore, the equal radius
stent limbs provide a radial force curve that is of a lower magnitude (Fig. 5a) than
the variable curvature stent limbs 100 (Fig. 5b). Fig. ba also reveals that at
progressively smaller stent diameters, the equal radius stent limbs generate a steep
increase in radial force, compared to the variable curvature stent limbs 100.

Thus, after the stent of Fig. ba is compressed to a stent diameter of
approximately 5.0 mm, further compression to a smaller diameter necessitates a
nearly exponential increase in the amount of radial force required. The variable
curvature stent limbs 100, on the other hand, do not require a substantial increase
in force to compress the stent diameter to stent diameters well below 5.0 mm. As
a result, the variable curvature stent limbs 100 should result in lower interfacial
forces between the stent 195 (see Fig. 7) comprising a plurality of stent limbs 100
and a delivery device used to deploy the stent 195, resulting in decreased frictional

forces between the stent 195 and the delivery device. The reduction in interfacial
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forces should concomitantly lower the amount of force necessary to deploy the
stent 195, which may aid in the accurate delivery of the stent 195.

Fig. 6 illustrates the shape of the variable curvature stent limb 100
compared to an equal radius of curvature stent limb 180. The equal radius of
curvature stent limb 180 may have a first curved region 182 and a second curved
region 183. The equal radii of curvature of the curved regions 182 and 183 are
illustrated by a radius of curvature 184 and a radius of curvature 185, respectively.
The curved regions 115 and 125 of the stent limb 100, as well as the curved regions
182 and 183 of the stent limb 180, both face in opposite directions. In each case the
stent limbs 100 and stent limb 180 also have a midpoint point 130, where the
midpoint 130 serves as an inversion point between the two curved regions 115 and
125, as well as the curved regions 182 and 183. As shown in Fig. 6, the curved
regions 115 and 125 may be shallower or less concave than the curved regions 182 -
and 183.

Fig. 7 illustrates a plurality of variable curvature stent limbs 100, where
the plurality of stent limbs 100 are assembled in a pattern to create the stent 195.
The stent limbs 100 are attached via a plurality of stent limb connections 196. In
addition, the stent 195 may have a plurality of open cells 197, wherein the open
cells 197 provide space between the stent limbs 100 to assist in the compression
of the stent 195. Although Fig. 7 depicts the stent limbs 100 assembled in one
pattern, the stent limbs 100 may also be assembled in a variety of other patterns
as well.

The shape of the stent limbs, which could be described as an S-shape,
provides a stent structure which can readily be compressed without creating
excessive strain on the stent parts. In effect, upon compression, the limbs will be
deflected into an more straight configuration, in some cases substantially exactly
straight. The ability of the limbs to do this improves the compressibility of the stent
195, increasing its operable life and enabling it to be compressed more than prior

art stents.
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The disclosures in United States provisional patent application number
60/634,814, from which this application claims priority, and in the abstract

accompanying this application are incorporated herein by reference.
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1. Avariable curvature stent limb including: |

a first variably curved region (115) attached to an inner region (120), the
first variably curved region (115) comprising a first radius of curvature varying
along the length thereof, wherein the first radius of curvature is non-constant;

a second variably curved region (125) attached to an inner region (120), the
second variably curved regibn comprising a second radius of curvature varying
along the length thereof, wherein the second radius of curvature is non-constant;

wherein the first variably curved region (115) and the second varia‘biy
curved region (125) face in opposite directions, and wherein the length and
curvature of the stent limb are such as to provide a radial force plateau during

compression of the stent limb to a substantially flat Configuration.

2. A stent limb according to claim 1, wherein the stent limb has a

thickness (135) greater than its width (140).

3. A stent limb according to claim 1, wherein the thickness (135) and '
the width (140) of the stent limb are substantially the same.

4. A stent limb according to any preceding claim, including a first -
straight region (102) attached to the first variably curved region (115) and a
second straight region (103) attached to the second variably curved region (125).

5. A stent limb according to claim 4, wherein the first straight region
(102) and the second straight region (103) are of substantially the same length.

6. A stent limb according to any preceding claim, wherein the inner A

region includes a midpoint (130) about which the first variably curved region (1A15)

and the second variably curved region (125) are symmetrically arrangéd.

PA-5638-PCT
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7. A stent limb according to any preceding claim, wherein each of the
first variably curved region (115) and the second variably curved region (125) has
a curvature which is less an imaginary equal radius curve extending from a first

4end of said variably curved region to the or a midpoint of the stent limb.

8. . A stentlimb according to any preceding claim, wherein the first

radius of curvature and the second radius of curvature are the same.

9.  Astentlimb according to any preceding claim, wherein the first
variably curved region (115) and the second variably curved region (125) are

made from a shape memory alloy.

10.- A stent limb according to claim 9, wherein the shape memory alloy is

nitinol.

11, Astent limb according to any preceding claim, wherein the stent limb

(100) is able to be 'resiliently compressed into a substantially flat configuration.

12.  Astent limb according to any preceding claim, wherein the stent limb

(100) is substantially rectangular or square in transverse cross-section.”

13. Astent including(a plurality of stént limbs (100) according to any

preceding claim.

14. Astent accordiné to claim 13, including a plurality of stent limbs
(100) attached to one another, the stent limbs being compressible into

substantially flat shapes.

15. A stent according to claim 13 or 14, inckluding a plurality or rings of
interconnected stent limbs, said rings being coupled in series to form the stent by .

a plurality of stent limb connections (198) each coupled-at one end to an internal
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junction of two adjace‘nt stent limbs of one of said stent rings and at the other end

to an external junction of two adjacent stent limbs of another of said rings.

16. A medical prosthesis including a stent according to any one of claims

13 to 15.
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