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A STENT

Field of the Invention

The present invention relates to a stent and, in particular, a stent of tubular
construction that is of a type that may be implanted within a vessel or passage of a

patient,

Background of the Invention

There are many medical situations where it is necessary or desirable to implant a
stent within a patient in order to prevent or counteract a constriction in a naturally
ocourring vesse] or passage. In this context, a “stent” is an artificial tubular structure
which is able to apply force radially outwardly on a vessel or passage of a patient in
order to maintain patency of the vessel or passage and permit fiuid flow through the

vessel or passage.

The most common procedure in which a stent is implanted in a patient is implantation
in a coronary artery which has become partially blocked or occluded (referred to as
being “stencsed"} by a lesion or plaque. In this procedure, a stenosed coronary artery
is opened through an angioplasty procedure in which a crimped stent is infroduced
into the stenosed artery and the stent is expanded within the artery, for example, by
using a balloon on a catheter. Expansion of the stent compresses the lesion or
plague blocking the coronary artery and allows biood to flow through the artery
without constriction. As part of the procedure, the stent is left in place in the artery, in
expanded form, in order to maintain the patency of the artery. In some procedures,
prior to implantation of the stent, a pre-dilation step is carried aut by expanding a
bafloon an a catheter within the section of the coronary artery affected by the lesion
in order to compress the lesion or plague prior to insertion of the stent. Vascular

stents are also used in other blood vessels aside from coronary arteries and the

implantation procedure is similar.

One of the main reguirements of a vascular stent is that it can be enlarged from a
crimped configuration which has a sufficiently small radial diameter in order to be
guided in an angioplasty procedure, fo an expanded configuration in which the
exterior surface of the stent contacts and engages with the inner surface of the blood
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vessel. Mareover, in the expanded configuration, the stent must have sufficient

radial strength in order to maintain the lumen of the blood vessel open. There are

-yarious different forms of construction of vascular stents but a8 common form is a

metal mesh stent in which the stent comprises a network of struts which delineate a
plurality of cells within the network. The struts are hinged or otherwise deformable
with respect to each other which permits expansion of the stent afier implantation.
However, more recently, mesh stents have been made from other materials such as

biodegradable polymers.

One problem with mesh slents is that of "arterial recoil”. After a mesh stent has been
expanded, the stent may not have sufficient radial strength to withstand the radially
inward force of the blood vessel such that the stent is squeezed and the blood vessel
constricts. There are various solutions to this problem, although none is ideal. For
example, one solution is to reduce the cell size of the mesh which directly increases
the radial strength of the stent. However, the problem with this approach is that
decreasing the cell size reduces the flexibility of the stent which can make
implantation of the stent difficult because blood vessels are not perfectly cylindrical in
shape and thus the natural conformation of a blood vessel may be lost when the

stent is implanted.

Anocther solution is to increase the thickness of the strut size. However, there is
evidence that suggests that the thicker the struts of & mesh stent, the greater the

likelihood of restenosis after implantation of the stent.

The problem of arterial recoil in mesh stents can occur with metal mesh stents but is
particularly a problem with polymer mesh stents which have less intrinsic strength

than metal mesh stents,

US patent no. 8,058,822 reports on a mesh stent that has large mesh portions at
either end of the stent and a small mesh portion at the longitudinal centre of the
stent. The small mesh portion has a mesh of a smaller size than the larger mesh
portion and is used at the longitudinal centre of the stent where the main lesion is
located once the stent is implanted. The small mesh portion provides more radial
strength and lessens any chance of prolapse. The ends of the stents, however, have
a larger mesh size so as to reduce the damage to healthy tissue parts of the artery in
which the stent is located. Thus there are only two different cell sizes in the stent.
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However, there is always a demand to improve upon the configuration of mesh stents
s0 as to avoid the problem of arterial recoil along the longitudinal length of the stent

whiist maintaining flexibility and minimising arterial injury.

The background fo the invention has been explained above in relation to vascular
stents but it is to be understood that the present invention is not limited thereto.
Stents other than vascular stents exist such as ureteral, ursthral, ducdenal, colonic
and biliary stents, and analogous problems arise with these stents as have been

described above in relation to vascular stents.

The present invention seeks to alleviate one or more of the above problems.

Summary of the Invention

According to one aspect of the present invention there is provided a tubular stent
having first and second ends and a longitudinal axis therebetween, the tubular stent
being formed from a network of struts which defines a cylindrical surface about the
longitudinal axis, the struts delineating a plurality of cells within the network, there
being rows of cells extending from the first end to the second end, at least one cell in
each row being a ceniral cell, the maximum length paralle! to the longitudinal axis of
each successive cell from the at lsast one central cell to the first and second ends of
the tubular stent increasing progressively and wherein the network of struts
comprises a plurality of circumferential rings, each ring extending perpendicularly to
the longitudinal axis and the rings being located adjacent to each other parallel to the
longitudinal axis to define the cylindrical surface, the circumferential rings being of a
wave form, each circumferential ring having an amplitude paralle! to the longitudinal
axis, such that each wave form comprises a plurality of peaks which extend towards
the axial centre of the tubular stent and a plurality of troughs which extend away from

the axial centre of the fubular stent.

It is preferred that the rows of cells are parallel to the longitudinal axis of the tubular

stent.

It is preferred that the struts are rigid struts.

Conveniently, the stent is crimpable.
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Preferably, the progressive increase in maximum length paraliel to the longitudinal
axis of successive cells from the axial centre fo the first and second ends of the

tubular stent comprises a component with a geometric increase.

Advantageously, the circumferential rings comprise central circumferential rings and
distal circumferential rings, wherein the central circumferential rings define the at
least one central cell of the fubular stent, adjacent central circumferential rings being
aligned so that the respective peaks and/or troughs of the central circumferential
rings are aligned with each other and linked to each other, the central circumferential

rings thus defining the at least one central cell of each row of cells,

Conveniently, the central circumferential rings and the distal circumferential rings are
aligned such that where a first distal circumferential ring is adjacent to a second distal
circumferential ring or a central circumferential ring, at least some of the peaks of the
wave form of the first distal circumferential ring are alighed with at least some of the
troughs of the wave form of the second distal circumferential ring or the central
circumferential ring and are linked to each other such that adjacent circumferential

rings define cells within the network.

Preferably, each distal circumferential ring has a wave form that alternates between a
maximum amplifude peak and trough and a minimum amplitude peak and trough.

Advantageously adjacent distal circumferential rings are linked to each other only by

the maximum amplitude peaks and troughs.

Conveniently, the peak-peak amplitude of the minimum amplitude peaks and troughs
of the distal circumfereniial rings increases progressively from each disfal
circumferential ring adjacent to a central circumferential ring to the distal

circumferential rings adjacent to one of the ends of the tubular stent.

Preferably, the peak-peak amplitude of the minimum amplitude peaks and troughs of
the distal circumferential rings increases geometrically from each distal

circumferential ring adjacent to a central circumferential ring to the distal

circumferential rings adjacent to one of the ends of the tubudar stent,
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Advantageously, the peak-peak amplitude of the maximum amplitude peaks and
troughs of the distal circumferential rings increases progressively from each distal
circumferential ring adjacent to a central circumferential ring to the distal
circumferential rings adjacent to one of the ends of the fubular stent.

Conveniently, the peak-peak amplitude of the maximum amplitude peaks and
troughs of the distal circumferential rings increases geometrically from each distal
circumferential ring adjacent to a central circumferential ring to the distal

circumferential rings adjacent to one of the ends of the tubular stent.

Preferably, the at least one central cell is a closed cell.

Conveniently, the central cell can be referred to as the nadal cell as the central cell

does not have to be located at the axial centre of the tubular stent.

Advantageously, at least one row of cells comprises at least three cells, preferably at

least five cells.

Conveniently, the maximum length parallel to the longitudinal axis of each successive
cell from the at least one central cell to the first end increases progressively at the
same to, or a different rate from, that at which the maximum length parallel to the

longitudinal axis of each successive cell increases progressively from the at least one

central cell to the second end.

Preferably, the at least one central celt is the cell or cells closest {o the axial centre of
the tubular stent. Alternatively, the af least one central cell is not a cell closest to the

axial centre of the tubular stent. Instead the, or each, central cell is located closer to

the first or second ends of the tubular stent.

According to another aspect of the present invention there is provided a tubular stent
having first and second ends and a longitudinal axis therebetween, the tubular stent
being formed from a network of struts which defines a cylindrical surface about the
longitudinal axis, the struts delineating a plurality of cells within the network, there
being rows of cells extending from the first end to the second end, at least one cell in
each row being a nodal cell, there being an increase in the maximum length parallel
to the longitudinal axis of cells from the at least one nodal cell to a first distal cell that
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is closer to the first or second end of the tubular stent and wherein the network of
struts comprises a plurality of circumferential rings, each ring extending
perpendicularly to the longitudinal axis and the rings being located adjacent to each
other parallel to the longitudinal axis to define the cylindrical surface, the
circumferential rings being of a wave form, each circumferential ring having an
amplitude parallel to the longitudinal axis, such that each wave form comprises a
plurality of peaks which extend towards the axial centre of the tubular stent and a

plurality of troughs which extend away from the axial centre of the tubular stent.

The nodal cell and the first distal cell are in the same row. Advantageously, there is
provided a second distal cell in the row which has a different maximum length paraliel
to the longitudinal axis from the nodal cell and the first distal cell. Preferably, the
maximum length paraliel to the longitudinal axis increases from the nodal cell, to the

first distal cell and then to the second distal cell in each row.
Conveniently, at least some of the cells are open cells.

Preferably, the stent is crimpable.

Conveniently, the increase in maximum length parallel to the longitudinal axis of cells
from the nodal cell of the fubular stent to the first distal cell closer fo the first or
second end of the tubular stent comprises a component with a geometric increase.

Preferably, the circumferential rings comprise nodal circumferential rings and distal
circumferential rings, wherein the nodal circumferential rings define the at least one
nodal celf of the tubular stent, adjacent nodal circumferential rings being aligned so
that the respective peaks and/or troughs of the nodal circumferential rings are
aligned with each other and linked to each other, the nodal circumferential rings thus

defining the at ieast one nodal cell of each row of cells.

Advantageously, the nodal circumferential rings and the distal circumferential rings
are aligned such that where a first distal circumferential ring is adjacent to a second
distal circumferential ring or a nodai circumferential ring, at least some of the peaks
of the wave form of the first distal circumferential ring are aligned with at least some
of the troughs of the wave form of the second distal circumferential ring or the nodal



10

15

20

25

30

WO 2012/143731 PCT/GB2012/050882

.

circumferential ring and are linked to each other such that adjacent circumferential

rings define cells within the network.

Conveniently, each distal circumferential ring has a wave form that aliernates
between a maximum amplitude peak and trough and a minimum amplitude peak and .

trough.

Advantageously, the adjacent distal circumferential rings are linked to each other

only by the maximum amplitude peaks and troughs,

Preférably, at least some of the adjacent distal circumferential rings are linked to
each other by the maximum amplitude peaks and troughs, and by the minimum

amplitude peaks and troughs.

Advantageously, there is an increase in the peak-peak amplitude of the minimum
amplitude peaks and troughs of the distal circumferential rings from a distal
circumferential ring relatively closer to a nodal circumferential ring to a distal
circumferential ring relatively further from a nodal circumferential ring.

Conveniently, the peak-peak amplitude of the minimum amplitude pesaks and troughs
of the distal circumferential rings increases progressively from a distal circumferential
ring relatively closer to a nodal circumferential ring to a distal circumferential ring

relatively further from the nodal circumferential ring.

Preferably, the peak-peak amplitude of the minimum amplitude peaks and troughs of
the distal circumferential rings increases progressively from each distal
circumferential ring adjacent to a nodal circumferential ring fo the distal
circumferential rings adjacent to one of the ends of the tubular stent.

Canveniently, the peak-peak amplitude of the minimum amplitude peaks and troughs

increases geometrically,

Advantageously, there is an increase in the peak-peak amplitude of the maximum
amplitude peaks and froughs of the distal circumferential rings from a distal
circumferential ring relatively closer to a nodal circumferential ring to a distal

circumferential ring relatively further from the nodal circumferential ring.
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Preferably, the peak-peak amplitude of the maximum amplitude peaks and troughs of
the distal circumferential rings increases progressively from a distal circumferential
ring relatively closer to a nodal circumferential ring to a distal circumferential ring

relatively further from the nodal circumferential ring.

Conveniently, the peak-peak amplitude of the maximum amplitude peaks and
troughs of the distal circumferential rings increases progressively from each distal

circumferential ring adjacent to a nodal circumferential ring to the distal

circumferential rings adjacent to one of the ends of the tubular stent.

Advantageously, the peak-peak amplitude of the maximum amplitude peaks and

troughs increases geometrically.
Preferably, the at least one nodal cell is a closed cell,
Advantageously, at least one row of cells comprises at least three cells.

Conveniently, the maximum length parallel to the longitudinal axis of cells from the at
least one nodal cell to a distal cell relatively closer o the first end of the tubular stent
increases at a different rate from that at which the maximum length paralle! to the
fongitudinal axis of cells increases from the at least one nodal cell to a distal cell

relatively closer to the second end of the tubular stent.

Preferably, there is a second nodal cell closer to one of the ends of the tubular stent
than the first nodal cell, wherein there is a distal cell between the first and second
nodal cells, and wherein the maximum length parallel to the longitudinal axis of cells
increases from each nodal cell to the distal cell between the nodal cells.

Conveniently, there is a third nodal cell befween the first and second nodal cells, a
first intermediate distal cell between the first and the third nodal cells and a sscond
intermediate distal cell between the second and the third nodal cells, wherein the
maximum length parallel to the longitudinal axis of cells increases from each of the
first and third nodal cells to the first intermediate distal cell and from each of the

second and third nodal cells to the second intermediate distal cell.



10

15

20

25

30

35

WO 2012/143731

Advantageously, the at least one nodal cell is the cell or cells closest to the axial

centre of the fubular stent.

Preferably, the at least one nodal cell may be located anywhere along the length of
the stent. When there is more than one nodal cell, these may or may not be adjacent

{o each othar,

Advantageously, a pharmaceutically active agent is releasably associated with the

tubular stent.

In this specification, the terms “longitudinal” and “axial” have the same mesaning and

are used interchangeably.

in this specification, the term "wave form” means a component, in particular a
circumferential ring, whose shape oscillates along its length. The oscillation is in a
direction defined as the amplitude of the wave. The oscillation may be a smooth

curve such as a sine wave or may be triangle wave form,

Brief Description of the Figures

Figure 1 is a side view of a tubular stent in accordance with one embodiment of the
present invention, viewed perpendicular to the longitudinal axis of the stent, with the

stent in a pre-crimped configuration.

Figure 2 is a plan view of a flattened out section of a stent in accordance with the

embodiment shown in Figure 1.

Figure 3 is a side view of the stent depicted in the embodiment shown in Figure 1,
viewed perpendicular to the longitudinal axis of the stent, with the stent in a

pre-crimped configuration and with the stent shown in an expanded configuration

superimposed thereon.

Figure 4 is a schematic view of one portion of a tubular stent in accordance with the

embodiment shown in Figure 1.

PCT/GB2012/050882
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Figure 5 is a plan view of the entire tubular stent of the embodiment shown in Figure

1, flattened out.

Figure 6 is a side view of a tubular stent in accordance with another embodiment of
the present invention, viewed perpendicuiar to the longitudinal axis of the stent, with

the stent in a pre-crimped configuration.

Figure 7 is a side view of a tubular stent in accordance with a further embodiment of

the present invention, viewed perpendicular to the longitudinal axis of the stent, with

the stent in a pre-crimped configuration.

Figure 8 is a side view of a tubular stent in accordance with another embodiment of
the present invention, viewed perpendicular o the longitudinal axis of the stent, with

the stent in a pre-crimped configuration.

Figure 9 is a side view of a tubular stent in accordance with yet another embodiment

of the present invention, viewed perpendicular to the longitudinal axis of the stent,

with the stent in a pre-crimped configuration.

Figure 10 is a side view of a tubular stent in accordance with a further embodiment of
the present invention, viewed perpendicular to the longitudinal axis of the stent, with

the stent in a pre-crimped configuration.

Detailed Description of the Invention

Referring fo Figure 1, a tubular stent 1 is shown which comprises a firstend 2 and a
second end 3 and a longitudinal axis 4 therebetween. Equidistant between the first
and second ends 2, 3 there is a longitudinal centre 5 of the stent 1 which is & plane
perpendicular to the longitudinal axis 4. Adjacent to the longitudinal centre 5 of the
stent 1, towards the first end 2 of the stent 1 is a first central ring 6 which extends
circumferentially about the longitudinal axis 4 in a wave form having its amplitude
parallel to the longitudinal axis 4 of the tubular stent 1. The wave form of the first
central ring 8 comprises eight peaks 7 which are each proximal to the longitudinal
centre 5 and eight troughs 8 which are each distal from the longitudinal centre &.

PCT/GB2012/050882
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Adjacent to the troughs 8 of the first central ring is provided a second ring @ which
also extends circumferentially about the longitudinal axis 4 and is of wave form,
having its amplitude parallel to the longitudinal axis 4 of the tubular stent 1. The
wave form of the second ring 9 comprises eight peaks 10 which are each proximal to
the longitudinal centre 5 and eight troughs 12 which are each distal from the
longitudinal centre 5. The wave form of the second ring 9 will be described in further
detail, below. At the present time it need merely be noted that the amplitude of the
wave form alternates between a maximum amplitude and a minimum ampliitude
around the second ring 9. Furthermore, the maximum amplitude of the second ring ©
is greater than the amplitude of the first central ring 6. |n addition, the peaks 10 of
maximum amplitude of the second ring 9 are aligned with alternate troughs 8 of the
first central ring 6 and are connected by a short link 11 which is parallel to the

longitudinal axis 4.

Adjacent to the troughs 12 of the second ring 9 is located a third ring 13 which also
extends circumferentially about the longitudinal axis 4 and defines a wave form. The
wave form of the third ring 13 is similar to the wave form of the second ring 9 in that
the amplitude of successive wavelengths alternate between a maximum amplitude
and a minimum amplitude. The wave form of the third ring 13 comprises eight peaks
14 which are each proximal to the longitudinal centre 5 and eight troughs 29 which
are each distal from the longitudinal centre 5. in addition, the peak-peak maximum
amplitude of the wave farm of the third ring 13 is greater than the peak-peak
maximum amplitude of the wave form of the second rihg 9. Furthermore, the peaks
with maximum amplitude 14 of the third ring 13 are aligned with the troughs 12 of
maximum amplitude of the second ring 9 and are connected by a short link 15 which

is parallel to the longitudinal axis 4.

Adjacent to the troughs 29 of the third ring 13 is a fourth ring 16 and, in turn, a fifth
ring 17. The fourth and fifth rings 16 and 17 repeat the pattern of the second and
third rings 9,13. More specifically, each of the fourth and fifth rings 18, 17 extends
circumferentially about the longitudinal axis 14 and is of a wave form with the
amplitude of successive wavelengths alternating between a maximum amplitude and
a minimum amplitude, The wave form of the fourth ring 16 comprises eight peaks 18
which are each proximal to the longitudinal centre 5 and eight troughs 21 which are
each distal from the longitudinal centre 5. The wave form of the fifth ring 17
comprisss eight peaks 20 which are each proximal fo the longitudinal centre 5 and
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gight troughs 36 which are each distal from the longitudinal centre 5. The maximum
peak-peak amplitude is successively greater from the second ring 9 to the third ring
13 to the fourth ring 16 to the fifth ring 17. Moreover, the fourth and fifth rings 18, 17
are aligned with respect to each other and with respect to the third ring 13 such that
the peaks 18 of maximum amplitude of the fourth ring 16 are adjacent to the troughs
29 of maximum amplitude of the third ring 13 and are connected by a link 19 and,
likewise, the psaks 20 of maximum amplitude of the fifth ring 17 are aligned with the
troughs 21 of maximum amplitude of the fourth ring 16 and are connected by a short

link 22 that is parallel to the longitudinal axis 4.

The structure of the stent 1 has been described from the longitudinal centre 5 to the
first end 2. However, the stent 1 from the longitudinal cenire 5 to the second end 3 is
a mirror image through the plane of the longitudinal centre 5 with second central ring
6’ and second, third, fourth and fifth rings 9°, 13" 16", 17°, mirroring the first central
ring 6 and the second, third, fourth, fifth rings 9, 13, 16, 17, respectively. At the
longitudinal centre 5, the peaks 7, 7' of the first and second central rings 6, 6’ are
aligned and are linked to each other by links 28 that are parallel to the longitudinal

axis of the tubular stent 1.

It is to be appreciated therefore, that the circumferential rings 6, 8', 9, 9/, 13, 13', 16,
16', 17, 17 together define a cylindrical surface about the longitudinal axis 4. It is
also to be noted that the circumferential rings fall into two categories: the central
rings 6, 6’ and the other rings 9, &, 13, 13, 16, 16", 17, 17’ which will be referred to
herein as distal rings. The central rings 8, 6" are linked to each other at each peak 7,
7' of their respective waveforms by links 28. However, the distal rings adjacent to the
central rings (i.e. the second rings 9, 9') are linked fo the central rings only via
altemate peaks 10, 10, namely the peaks of maximum amplitude, Similarly the other
distal rings (i.e. the third to fifth rings 13, 13°, 16, 16, 17, 17") are only linked to the
adjacent distal ring closer to the axial centre 5 via alternate peaks, namely the peaks
of maximum amplitude. In this respect, the tubular stent 1 has an open cell design

since not all aligned peaks and {roughs beftween adjacent distal rings are joined.

In conjunction with the links 11, 15, 19, 22, the first to fifth rings 6, 6", 9, 9, 13, 13,
16, 16°, 17, 17’ together form a network of struts which delineate a plurality of cells
within the network. For instance, a central cell 23 is defined by‘first and second
struts 24, 25 which correspond {o a section of the first central ring 6 between a peak
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7 and a trough 8 and the trough 8 and a second peak 7 respectively. Likewise the
third and fourth struts 26, 27 correspond to a section between a first peak 7’ of the
second central ring 8' which is aligned with the first peak 7 of the first central ring 7 to
a trough 8 of the second central ring &' and the section of the second central ring 6’
from the trough 8' to a second peak 7’ of the second central ring 6' which is aligned
with the second peak 7 of the first central ring 6. The ceniral cell 23 is also defined
by first and second links 28 which are parallel to the longitudinal axis 4 and which
connect the first peak 7, 7’ of the first and second central rings, 8, 6" and the second
peaks 7, 7’ of the first and second central rings 8, 6'. Thus, together, the first to
fourth struts 24, 25, 28, 27 and the first and second links, 28 define the first

exemplary cell,

A cell 30 in position “1” (i.e. adjacent to and in the same row as the central cell 23) is
defined by the struts which correspond to a section of the second ring 9 between two
consecutive maximum amplitude troughs 12 and a section of the third ring 13
between two consecutive maximum amplitude peaks 14 and the respective links 15
that join the froughs 12 of the second ring 9 with the peaks 14 of the third ring 13.

A cell 31 in position “2” {i.e. adjacent to and in the same row as the cell 30 in position
two but further from the central cell 23) is defined by the struts which correspond to a
section of the fourth ring 16 between two consecutive maximum amplifude troughs
21 and a section of the fifth ring 17 between two consecutive maximum amplitude
peaks 20 and the respective links 22 that join the troughs 21 of the fourth ring 16 with

the peaks 20 of the fifth ring 17.

A cell 32 in position “-1” is also present and is the mitror image of the celi 30 in

position “1” about the longitudinal centre.

A cell 33 in position “-2" is also present and is the mirror image of the cell 31 in

position “2” about the longitudinal centre.

The length of each cell in the row increases progressively (i.e. adjacent cells do not
have the same length) from the central cell 23 to the cell at position “1” which is
closer to the first end 2 and then to the cell at position “2” which is closest to the first
end 2. Likewiss, the length of each cell in the row increases progressively from the

PCT/GB2012/650882
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central celi 23 to the cell at position *~1" which is closer to the second end 3 and then

to the cell at position “-2” which is closest to the second end 3.

Referring to Figure 2 a section of the stent 1 is shown, fiattened out to illustrate more
clearly the repeating structure of the stent and the mathematical relationship between
the various elements of the stent. it is to be appreciated that Figure 2 shows only a
section of the complete stent shown in Figure 1. The compiete stent of Figure 1 is

shown flattened out in Figure 5.

Shown on Figure 2 are the parameters that govern the design of this embodiment of
the tubular stent 1. The following parameters are independent—

a) Tewu — Strut thickness in radial direction (thickness of the extruded tube)

b) Wt — Strut width in the circumferential direction.

¢) L~ half length of the central link 28 between respective peaks 7, 7' of the first and

second central rings 8, 6”.
d) e — length of the links 11, 12, 19, 22 between respective maximum amplitude

peaks and maximum amplitude troughs of adjacent rings.

e) Wi — circumferential width of the links 11, 12, 19, 22 (similar to Wiy,

f) NoX — Number of cells in the axial direction {i.e. parallel to the longitudinal axis 4).
g) NoY — Number of cells in the circumferential direction.

h) Lsien - Total length of the stent 1.

i} Retent — Pre crimping inner radius of the stent 1 {inner radius of the extruded tube).
i) dare — Diameter of the arc/semi-circle at the fink locations.

k) w — distance parallel to the longitudinal axis 4 between peaks 7 and troughs 8 of
the first central ring 6.

Iy f — The factor by which the minimum amplitude in each ring 9, 13, 16, 17 (except
the first central ring 8) are smaller than their respective maximum amplitude.

m) r. — radius of the arc in the central links 28 in the cells defined by the first and

second ceniral rings 6, 6.

The following parameters have to be derived —
a)} dh — quarter length of each cell in the circumferential direction.
b) e — The ratio between the lengths (i.e. the distance in the direction parallel to the
longitudinal axis from maximum amplitude peaks to maximum amplitude troughs) of

consecutive rings.
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¢) farce— Derived diameter of the arcs/semi-circles in each ring at the non-link

locations.

The parameter dh is calculated according to equation [1] —

27 Rstent
VoV g

dh =

The parameter ‘e’ is calculated by first considering the equality of equation [2] in the

axial direction: ,
NaX-~1 r
X Lsteni - M"strut [23

lo + (NoX — Dlping +w + Z ey = 3

i=1

The last two terms in the left hand side of equation [2] can we written as equation [3]

NoX—1 NoX
p wie -1
w+ E e'w::——-—————————((e_l) >;e>1 [3]

Substituting equation [3] in equation (2) gives equation [4]

,NOX — 1 L5 nt — VV )
lc + (NOX - 1)21.,"“;3 -+ w(?e — 1) ) — tent ‘) strul {4}

“

This is an implicit equation in ‘e’ as e cannot be explicitly expressed in terms of ather
parameters. Newton's iterafive method is used to solve this equation. Let ffe) be

defined as equation [5)

: w(elo¥ — 1) Lstent ~ Wtru
Fle) =1+ (NoX — Dlyink + =) ( 5 [5]

The solution of ffe}=0 gives the appropriate value of e. The method is started by
guessing a value for e, say e=1.1, o initiate the Newton’s method. Note that the

derivative of fie) can be calculated analytically. To calculate the new value of e, the

formula of equation [8] is used

fle) 6]

Enew = Cprev ™ f’(e)

This process is repeated until the difference between €,.» and e is fess than 10°¢,
thereby vyielding the value of e that satisfies the equality constraint in the axial

direction.
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Next the value of dares is calculated. If the axial length of the i ring (i=0,1,2,3, and 4
for the central, first, second, third and fourth rings 6/6°, 9/9', 13/13", 16/18’, and
17/17", respectively) is w, then fare,, for that ring, is given by equation [7]

_2(dh(w; = faws) + 0.5dgrc(fow + z2)) 7]

d req T
areq w’t_{_mm

he . Wilgre
where zx = W,‘Z(dh i

Geometrical Constrainis
The following geometrical constraints, set forth in equations [8}, [9] and [10], arise

while using the above described embodiment of the tubular stent 1.

lc 2 T’Vatrut ISI
me Z Wst'r-ut {9]
[10]

dh > I)Vst,,-ug

Determination of numerical bounds on w
in order to determine the numerical bounds on w equation [2] is considered.

Rearranging equation [2] yields the following:

NoX -1 i Lf f"“Wt £
w —{»— Z etw == —jﬂl‘:—iﬂ - ’ZC el (NOX - 1)[{173[;
g==]

Loters = Wotrut _ 4 (nNox — 1o
B 2 o TR
= W= NoX 1 {‘IIEI

()

il

e>1 is desired since this provides increasing cell length from the longitudinal centre 5
of the tubular stent 1 to the respective first and second ends 2 3. For the limiting case
of e=1, the inequality of equation [12] can be obtained

Ls ent 7 Wfs rut

stent TS 1 — (NoX — Dltnk [12]

- 2
W= NoX

This relation of equation [12] gives the upper bound on w.
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The lower bound on w is governed by the geometrical constraint that the length of the
central ring in the circumferential plane should be greater than the circumference of
the final stent diameter desired after expansion. Let Rf be the final expansion
diameter. Although, an exact expression for the length of the central ring is possible,
it yields a mathematically unwieldy equation and so the following simplification is
made to simplify the expression. In particular, the central ring is approximated with
linear segments without the semi-circular joinis. Using this approximation, iliustrated
in Figure 4, the length of the central ring in the circumferential plane can be written as

eguation [13]
lring = 4N0Y Vdh? + w? [13]

Geometrical constraint, as discussed above, dictates the requirements of equation

[14]

lring 22 Nsape2T By § Mgnge 2 1 [14]
where Nsar 18 a safety factor to be specified.
Using equations [13], [14], and [1], the relation of equation [15] can be shown
it 2
w2 52 (tasgeBy)” = B 115}

This relation of equation {15] gives the lower bound on w.

The maximum value of w constrains the NoX values. In particular, for a given Lgen
the maximum value of w limits the NoX values for which e>1 can be obtained. Using

equation [12] one can deduce the formula of equation [16]

Lstem& - W‘fstrut

5 - lc + l,{én#: {16]

NoX = floor

liinke + Winaa
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Determination of numetical bounds on d,.

The lower bound in d,.is zero. For the upper bound, the ineguality of equation [17]
can be deduced from Figure 2

darcd <dh [1 7]
Equation [17] can be used with equation [7] {o deduce the upper bound in dar.

Determination of numerical bounds on Wy
Theoretically, the lower and upper bounds for W, are zero and dh respectively.

The first central ring 6 and the second to fifth rings 9, 13, 18, 17 are shown in Figure
2. As can be seen, the first central ring 6 is of repeating wave form configuration with

a peak-peak amplitude of w.

The second ring 9 is of a wave form where the wave form alternates between a
maximum peak-to-peak amplitude of ew beiween a peak of maximum amplitude 8
and a trough of maximum amplitude 12 and a minimum peak-to-peak amplitude of
f ew between a minimum amplitude peak 34 and a minimum amplitude trough 35.

The third to fifth rings 13, 16, 17 have similar wave forms which alternate between
maximum and minimum ampliitudes and whose maximum and minimum amplitudes
progressively increase from ring fo ring from the fongitudinal centre 5 of the stent 1 to
the first end 2. The relative dimensions of the maximum peak-peak amplitude and

the minimum peak-peak amplitude of each ring is summarised in Table 1.

Table 1

Ring Maximum Peak-Peak Amplitude | Minimum Peak-Peak Amplitude
Central w w

Second ew £ ew

Third e*w f e'w

Fourth e’w I e'w

Fifth e'w f e'w

It is also to be noted that each cell extends in the axial direction {i.e. paraliel to the
fongitudinal axis 4) from a maximum ampilitude peak of one ring {or a peak of the
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central ring) to the maximum amplitude trough of the adjacent ring in the axial
direction. Furthermore, each cell extends in the circumferential direction from the link
connecting a maximum amplifude frough of the one ring (or a trough of the central
ring) and the abutting maximum amplitude peak of the adjacent ring fo the adjacent
link in the circumferential direction connecting a maximum amplitude trough of the
one ring (or a trough of the central ring) and the abutting maximum amplitude peak of

the adjacent ring.

It is also fo be understood that that the maximum length of the cells in the axial
direction (i.e. the distance from the maximum amplitude peak of one ring (or a peak
of the central ring) fo the maximum amplitude trough of the adjacent ring in the axial
direction) are based on the centre construction lines (see Figure 2} and are as shown

in Table 2.

Table 2
Cell Position | ltem in Figures 1 and 2 Maximum Length
-2 33 e*w + e'w + iy
-1 32 W + W + Iy
central 23 2w +1)
1 30 ew + 8w + ly
2 37 ew+e'w +ly -

Thus the maximum length of each cell comprises a variable component based on the
value of e, if it is assumed that the other components (. or ) are constant.
Furthermore, the variable component increases geometrically from cell to cell from
the central cell towards either end of the tubular stent. More specifically, the ratio of

the variable component of the adjacent cells is shown in Table 3.
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Table 3
Cells Ratio of Variable Component of Maximum Lengths
Cell 1 to Central Cell e(l+e) e
2
Cell 2 to Cell 1 pe:

For a stent suitable for implantation at a focal lesion, a preferrad value for e would be
in the range 1.08 — 1.14. For a stent suitable for implantation at a diffused lesion, a
preferred value for e would be in the range 1.00 — 1.08. A value of fin the range 0.80
- 0.95 is preferred as this balances the strength and flexibility of the stent and other
factors such as the performance of the stent in delivering a drug associated with the
stent {further details of which are provided below) which militates against large cell

sizes.

However, it is fo be appreciated that in other embodiments the ratic of maximum
axial lengths of adjacent cells may increase according to a different geometric

formula or may increase arithmetically, only, and not have a geometric component.

in the above described embodiment, the length of each cell increases progressively
from the central cell 23 to the cells at the first and second ends 2, 3 of the tubular
stent 1. However, in alternative embodiments, the length of each cell increases
progressively by a different rate (e.g. by a different geometric value) from the central
cell 23 to the first end 2 than to the second end 3. For example, the value of e may
be greater from the central cell 23 to the first end 2 than from the central cell 23 to
the second end 3. In alternative embodiments, the cell size does not increase
progressively from the cenfral ceff 23 to the first and second ends 2, 3, but increases
only part of the way from the central cell 23 to the first and second ends 2, 3. In
further embodiments, the cell size does not increase from central cell 23 to the cells
at the first and second ends 2, 3, but, instead, there may be any combination of
increase and decrease in cell size from ceniral cell 23 to the first and second ends 2,
3. Such embodiments are particularly suitable for implantation in blood vessels which
have multiple lesions in which the stent is such that the regions of small cell size are
the same distance apart as the lesions and thus, on implantation, the stent is
positioned to align the regions of small cell size with the respective lesions. An

example of such a stent will be described in further detail below.
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In the above described embodiment, the tubular stent 1 comprises five cells 33, 32,
23, 30, 31 arranged consecutively, parallel to the longitudinal axis 4 of the tubular
stent 1. However, in other embodiments, the tubular stent 1 comprises more than five
cells. In these alternative embodiments, each row of the tubular stent 1 has a central
cell 23 as described in the embodiment shown in Figure 1 but additional cells are
added at the first and second ends 2, 3 by the addition of the further rings. in other
embodiments, the tubular stent 1 comprises fewer than five cells in which case cells
are omitted from the first and/or second ends 2, 3 but it is to be appreciated that
there is a minimum of three cells in a row. in still further embodiments, more than one
central cell is provided. For example, in one embodiment, the tubular stent is
provided with four central circumferential rings which define two central cells of equal
size and which are located on either side of the longitudinal centre 5 of the stent.
Each central cell is of the same length in the direction parallel to the longitudinal axis

4.

in further embodiments of the invention, the or each central cell 23 is not located at
or near the longitudinal centre 5 of the tubular stent 1. Instead, the or each central
cell 23 is located closer to the first or second ends 2, 3 of the tubular stent and one of
the cells at position “17, “2", *-1" or “-2” (or another position if more than five cells are
present in each row) is closest to the longitudinal centre 5 of the tubular stent 1. For
this reason, the term “nodal cell” is used as a more generic descriptor of a “central
cell” in this specification. In these embodiments the progressive increase in cell size
from the central cell 23 fo the cell at the first end 2 may be the same as or different
from the progressive increase in cell size from the central cell 23 to the cell at the
second end 3 of the tubular stent 1. Furthermore, there may be the same or a
different number of cells (and thus circumferential rings) from the central cell 23 to
the cell at the first end 2 than the number of cells from the central cell 23 to the cell at

the second end 3.

In use, a patient is selected for implantation of a stent of the present invention based
on criteria such as the presence of a plague or lesion in a blood vessel such as a
coronary artery. The tubular stent 1 is inserted in crimped configuration into a blood
vessel such as a coronary artery in an angioplasty procedure as is known in the art.
Once the tubular stent is located at the section of blood vessel that is blocked or

pattially blocked due to the lesion or plague, the tubular stent is expanded, in situ, for
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example by inflation of an angioplasty balloon within the tubular stent. Upon
expansion, the tubular stent 1 enlarges to an expanded configuration as is shown in
Figure 3. As is shown in Figure 3, in the expanded configuration, the wave form of
the rings 6, 6, 9, @, 13, 13, 18, 16, 17, 17’ becomes straighter thus enlarging each
of the celis in the circumfarential direction. The overall axial length of the {ubular stent

1 is foreshortened but only by a relatively small amount.

in the process of expansion of the tubular stent, the lesion or plague is compacted
and the lumen of the blood vessel is expanded thus reducing or removing any blood
flow constriction. The tubular stent is made from a rigid material that is capable of
plastic deformation such as a stainless steel alloy or a biodegradable polymer. Thus
the tubular stent 1 subsiantially retains the expanded configuration after the
angioplasty balloon is deflated and removed and the surgical procedure is concluded.
In practice, the tubular stent 1 is compressed slightly by the radial pressure of the
blood vessel after deflation of the balloon but the tubular stent 1 nevertheless
remains close o the expanded configuration shown in Figure 3. Moreover, the
plague or lesion is maintained compacted by the expanded tubular stent after the
procedure and the blood vessel patency is likewise maintained by the expanded
tubular stent. Thus the tubular stent 1 is of sufficient radial strength to hold open an
artery with a lesion. Of particular note is that the central cell of the tubular stent 1 is
relatively small and thus has considerable radial strength which resists axial
compression by the blood vessel which would otherwise result in blocking, or partial
blocking, of the blood vessel. Hawever, while the progressively greater cell size of
cells from the central cell to either end 2, 3 of the tubular stent 1 progressively
reduces radial strength, it also progressively reduces damage to the vessel wall and
progressively increases the axial fiexibility of tubular stent 1. This allows the portions
of the tubular stent 1 that are further from the plague or lesion and which are
therefore required to have less radial strength to flex and adopt the shape and

configuration of the blood vessel in which they are located.

While the above described embodiment relates to a procedure carried out on a blood
vessel that is already blocked or partially blocked it is to be understood that in other

embodiments the stent is inserted as a precautionary measure, prior to any blocking

of the blood vessel,

PCT/GB2012/650882



10

15

20

25

30

35

WO 2012/143731 PCT/GB2012/050882

23

The above described embodiments are an open cell design of tubular stent. That is
to say, aligned peaks and troughs of adjacent distal circumferential rings are not all
joined (although the central cell is a closed cell). However, it is fo be appreciated that
the present invention is not limited to open cell designs and in alternative
embodiments a tubular stent may have closed cells other than the central cell. In
further embodiments a tubular stent is provided having a closed cell design, that is to

say, a stent in which all cells are closed cells.

Refarring to Figure 6, a tubular stent 37 which is of a closed cell design is shown.
The tubular stent 37 has first and second ends 38, 39 and a longitudinal axis 40
therebetween. Equidistant between the first and second ends 38, 39 there is a
longitudinal centre 41 of the stent 37 which is a plane perpendicular to the
longitudinal axis 40. Adjacent fo the longitudinal centre 41 is a first central
circumferential ring 42 which extends circumferentially about the longitudinal axis 40
in a wave form having its amplitude paralle! to the longitudinal axis 40 of the tubular
stent 37. Adjacent to the first circumferential ring 42 are first, second, third and fourth
distal circumferential rings 43, 44, 45, 46 arranged sequentially and paralie! thereto.
Each of the distal circumferential rings are also of wave form and alsc have their
amplitudes parallel to the longitudinal axis 40 of the tubular stent 37.

The amplitude of each circumferential ring increases progressively from the first
central ring 42 to the first distal circumferential ring 43 and then through each of the
other distal circumferential rings 44, 45, 46 to the first end 40. The wave form of each
of the first central circumferential ring 42 and the distal circumferential rings 43, 44,
45, 46 comprises eight peaks which are each proximal to the longitudinal centre 41
and eight troughs which are each distal from the longitudinal centre 41. The first
cantral circumferential ring 42 and the distal circumferential rings 43, 44, 45, 46 are
aligned with each other so each and every peak of each of the second to fourth distal
circumferential rings is aligned with and joined to a trough of its respective adjacent
ring closer fo the longitudinal centre 41 and each and every peak of the first distal
circumferential ring is aligned with and joined to a trough of the first central
circumferential ring 42. The peaks and troughs join in an “X" formation without any

additional companent linking them parallel fo the longitudinal axis 40.

The structure of the stent 37 has been described from the longitudinal cenire 41 fo
the first end 38. However, the stent 37 from the longitudinal centre 41 to the second
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and 39 is a mirror image through the plane of the longitudinal centre 41 with a
second central ring 42" and first, second, third, and fourth distal rings 43', 44', 45’,
48, mirroring the first ceniral ring 42 and the first, second, third, and fourth distal
rings 43, 44, 45, 48, respectively. At the longitudinal centre 41, the peaks of the first
and second central rings 42, 42" are aligned and are joined fo each other. The peaks
join in an “X” formation without any additional component linking them parallel to the

longitudinal axis 40.

Thus the central and distal circumferential rings 42, 42, 43, 43, 44, 44’, 45, 45', 486,
48’ define rows of cells parallel to the longitudinal axis 40 of the tubular stent 37. For
example, one row of cells 47 comprises a central cell 48 at the longitudinal centre 41,
a cell 49 at position “1” closer to the first end 38 and a cell 50 at position “2” adjacent
to the first end 38. Likewise, a cell 49’ is at position “-1” adjacent to the central cell
but closer to the second end 47 of the tubular stent 37 and a cell 50’ is a position *-2”

adjacent to the second end 39.

The maximum length of each cell in the direction parallel to the [ongitudinal axis 40
increases progressively from the ceniral cell 48 to the cell 48 at position “1" and then
to the cell 50 at position “2". Similarly the length of each cell increases in the other
direction from the central cell 48 to the cell 49 at position *-1" and then to the cell 50°
at position “-2". In alternative embodiments, there may be any combination of

increase and decrease in the cell size from central cell 48 to first and second ends

38, 39.

in the embodiment shown in Figure 8, the tubular stent 37 is of ciosed cell design
since aligned peaks and troughs of adjacent distal circumferential rings are all joined.
In alternative empodiments, there may be any combinaticnh of closed and open cells

along the length of the stent.

Referring to Figure 7, a fubular stent 51 is shown in accordance with another
embodiment of the present invention. The tubular stent 51 of Figure 7 is similar to the
tubular stent 37 shown in Figure 8 and like components ars shown with the same
reference numerals. However the tubular stent 51 of Figure 7 is different from the
tubular stent 37 shown in Figure 6 because at each junction 52 between the first
central ring 42 and the first distal ring 43 and between the second distal ring 44 and
the third distal ring 45, the respective peaks and troughs are connected by an *S"-
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shaped linker leading from the first end 38 to the longitudinal centre 41, rather than in
an “X" formation. The same applies to the second central ring 42', and the first,
second and third distal rings 43', 44, 45" towards the second end 39 of the tubular
stent 51. The “S"-shaped linker provides flexibility and limits foreshortening of the

tubular stent 51.

Referring to Figure 8, a tubular stent 53 is shown in accordance with another
embodiment of the present invention. The tubular stent 53 of Figure 8 is similar to the
tubular stent 51 shown in Figure 7 and like components are shown with the same
reference numerals, However the tubular stent 53 of Figure 8 is different from the
tubular stent 51 shown in Figure 7 because every junction 52 between peaks and
troughs of adjacent distal circumferential rings 43, 43’, 44, 44’, 45, 45', 48, 46’ and at
the junctions between the first distal circumferential rings 43, 43’ and the first and
second central circumferential rings 42, 42’ is connected by an “8”-shaped linker
leading from the first or second end 38, 39 to the longitudinal centre 41, rather than in

an “X" formation. This increases the flexibility of the tubular stent 53.

Referring to Figure 8, a tubular stent 54 is shown in accordance with another
embodiment of the present invention. The tubular stent 54 of Figure @ is similar fo the
tubular stent 53 shown in Figure 8 and like components are shown with the same
reference numerals. However the tubular stent 54 of Figure 9 is different from the
tubular stent 53 shown in Figure 8 because the respective peaks of the first and
second central circumferential rings 42, 42' do not meet. instead, each peak of the
first central circumferential ring 42 is joined to the alighed peak of the second ceniral
circumferential ring 42’ via a bridge 55 that runs paralle! to the longitudinal axis 40.
Thus the central cell 48 is hexagonal. The fubular stent 54 of this embodiment has

extenaed support away form the centre of the stent.

In particular, in some embodiments, there is a plurality of nodal cé!!s, separated
along the length of the stent In such embodiments, the cell size increases,
decreases of increases and decreases between nodal cells. Such embodiments
result in patient and/or disease-specific stents. Such stents can be used fo treat
complex, eccentric or diffuse and/or focal diseases within the blood vessels. An

example of such a stent is shown in Figure 10.

PCT/GB2012/050882
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Referring to Figure 10, a tubular stent 56 is shown in accordance with another
embodiment of the present invention. The tubular stent 56 has first and second ends
38, 39 and a longitudinal axis 40 therebetween, Equidistant between the first and the
second ends 38, 39 there is a longitudinal centre 41 of the stent 56 which is a plane
perpendicular to the longitudinal axis 40. Between the longitudinal centre 41 and the
first end 38 is a first nodal circumferential ring 57 which extends circumferentially
around the longitudinal axis 40 in a wave form having its amplitude paralle! to the
longitudinal axis 40 of the tubular stent 56. Adjacent to the first nodal circumferential
ring 57, distal to the longitudinal centre 41, are first, second, third and fourth distal
circumferential rings 59, 80, 61, 62 arranged sequentially and parallel thereto. Each
of the distal circurmferential rings is also of wave form and also has its amplitude

parallel to the longitudinal axis 40 of the tubular stent 56.

The amplitude of each circumferential ring increases from the first nodal
circumferential ring 57 to the first distal circumferential ring 59 and then through to
each of the other distal circumferential rings 60, 61, 62 to the first end 38. The wave
form of each of the first nodal circumferential rings 57 and the distal circumferential
rings 58, 60, 61, 62 comprises eight peaks which are each proximal to the
longitudinal centre 41 and eight troughs which are each distal from the longitudinal
centre 41. The first nodal circumferential ring 57 and the distal circumferential rings
59, 80, 61, 62 are aligned with each other so each and every peak of the second to
fourth distal circumferential rings is aligned with and joined to a trough of its
respeciive adjacent ring closer to the longitudinal centre 41 and each and every peak
of the first distal circumferential ring is aligned with and joined to a trough of the first
hodal circumferential ring 57. At each junction between the first nodal circumferential
ring 57 and the first distal ring 59 and between the second distal ring 60 and the third
distal ring 61, the respective peaks and troughs are connected by an “S"-shaped
linker leading from the first end 38 to the longitudinal centre 41. At each junction
between the first distal ring 59 and the second distal ring 60 and between the third
distal ring 61 and the fourth distal ring 62, the respective peaks and troughs are
joined in an “X" formation without any additional component linking them parallel to

the longitudinal axis 41.

Adjacent to the first nodal circumferential ring &7, relatively proximal to the
longitudinal centre 41, is a second nodal circumferential ring 57 and counterpart first,

second, third and fourth distal circumferential rings 5¢', 60°, 81" and 62" mirroring the

PCT/GB2012/050882
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first nodal circumferential ring 57 and firsf, second, third and fourth distal
circumferential rings 59, 60, 61, 62, respectively, The peaks of the first and second
nodal circumferential rings 57, 57’ are aligned and are joined to each other. The
peaks join in an “X” formation without any additional component linking them parallel

to the longitudinal axis 40.

The structure of the stent 56 has been defined from the longitudinal centre 41 to the
first end 38. However, the stent 58 from the longitudinal centre to the second end is
the mirror image through the plane of the longitudinal axis 41 with third and fourth
nodal circumferential rings 58, 58 and fifth, sixth, seventh and eighth distal
circumferential rings and their counterparts 83, 63', 64, 684, 65, 65, 66, 66" mirroting
the first and second nodal circumferential rings 57, 57 and the first, second, third and
fourth distal circumferential rings and their counterparts 59, 5¢°, 80, 60’, 61, 61°, 62,
62’ respectively. At the longitudinal centre 41, the peaks of the fourth and sighth
counterpart distal circumferential rings 62', 66’ are aligned and joined to each other.
The peaks join in an "X formation without any additional component linking them

paraliel to the fongitudinal axis 40.

Thus, the nodal and distal circumferential rings 57, 57', 58, 58, 59, 59', 60, 60’, 61,
61', 62, 62, 63, 83', 64, 64', 65, 65, 66, 66 define rows of celis paraflel to the
longitudinal axis 40 of the tubular stent 56. For example, one row of cells 67
comprises a first nodal cell 88, defined by the first and second nodal circumferential
rings 57, 57", and a second nodal cell 89, defined by third and fourth nodal
circumferential rings 58, 58'. Adjacent to the first nodal cell 68 is a first distal cell 70
relatively closer to the first end 38, and a second distal cell 71 adjacent to first end
38. Adjacent to the first nodal cell 68 is a third distal cell 72 relatively further from the
first end 38 and a fourth distal cell 73 adjacent 1o the longitudinal centre 41, Adjacent
to the second nodal cell 89 is a fifth distal cell 74 relatively closer to the second end
39 and a sixth distal cell 75 adjacent to the second end 38. Adjacent to the second
nodal cell 89 and relatively further from the second end 38 is a seventh distal cell 76,
and an eighth distal cell 77 adjacent to the longitudinal centre 41.

The maximum length of each cell in the direction parallel to the longitudinal axis 40
increases from the first nodal cell 68 to the first distal cell 70 and then to the second
distal cell 71. Similarly the length of each cell increases in the other direction from the
first nodal cell 68 to the third distal cell 72 and then to the fourth distal cell 73. As the

PCT/GB2012/050882
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tubular stent 56 is a mirror image through the plane of the longitudinal centre 41, the
maximum cell length paraliel to the longitudinal axis 40 increases from the second
nodal cell 69 to the fifth distal cell 74 and then to the sixth distal cell 75. Similarly the
length of each cell increases in the other direction from the second nodal cell 69 to
the seventh distal cell 76 and then to the eighth distal cell 77. Thus, working from the
first nodal cell 68 to the second nodal cell 69, the maximum cell length increases to
the longitudinal centre 41 and then decreases to the second nodal cell 69.

In use of this embodiment, the stent 56 is implanted into a blood vessel as described
in the previous embodiments. However, the stent 56 of this embodiment is
specifically adapted for implantation in blood vessels at sites where there are two
fesions. The stent 56 is such that the first nodal cell 88 and the second nodal cell 69
are the same distance apart as the centres of the two lesions. On implantation, the
stent 56 is located in the blood vessel so that the first and second nodal celis 68, 69
are aligned with each lesion, respectively. Thus the stent 58 has greatest radial
strength at the locations corresponding to the positions of the two lesions and there is
gradually increasing flexibility of the stent along the sections away from and between

the first and second nodal cells 68, 69.

It is to be understood that in further embodiments of the present invention, stents are
provided with more than two nodal cells. In these embodiments, the stents are
adapted for implantation in blood vessels having more than two lesions,

In the above described embodiments, drugs or other pharmaceutically active agents
may be releasably associated with the tubular stent 1, the drugs being released after
implantation of the stent 1 into a blood vessel. Typically, the drugs are anti-
inflammatory or anti-proliferative or anti-thrombotic drugs which control the
inflammation response or restenosis or thrombosis of the blood vessel upon

implantation of the stent 1.
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CLAIMS

1. A tubiar stent having first and second ends and a longitudinal axls
therehetween, the tubular stent being formed from a network of struls which defines a
cylindrical surface about the longlfudinal axls, the struts delineating a plurality of calls
within the network, there being rows of cells paraliel to the fongitudinal axls, at least
one ¢all m each row being a nodal cell, there heing an increasge In the maximum length
parallel to the longitudinal axis of cells from the at least one nodal cell to a firet diatal
¢all in the row that la ¢losar to the first or second and of the tubular stent and there
being a second distal cell in the row which has a different maximum length paralle! to
the longftudinal axis from the nodaf cell and the first distal cell and wherein the network
of struta comprises a plurality of circumferential rings, each ring extending
perpendicutarly to the longitudinal axis and the rings being located adjacent to each
other parallel to the longitudinal axis to define « the coylindrical surface, the
circumfaerential rings being of a wave form, each circumfarential ring having an
amplitude parallel to the longliudinal axis, such that each wave form comprises a
plurality of peaks which extend towards the axial centre of the fubular stent and a
plurality of traughs which extend away from the axial centre of the fubular stent,
characterisad in that:

the circumferentlal rings comprise nodal circumferential rings - and distal
circumferential rings, wherein the nodal circumferential rings define the at least one
nodal call of the tubular stent, adjacent nodal clreumferential rings being aligned so that
the respective paaks and/or troughs of the nodal ciroumferential rings are alignad with
each other and linked to each other, the nodal circumferential rings thus defining the at
feast ons nodal cell of each row of calls;

the nodal circumferential rings and the distal circumferential rings are aligned
such that where a first distal circumferential ring is adjacent to a second distal
clrcumfarential ring ar a nodal circumferantial ring, at least some of the peaks of the
wave form of the firat dietal circumferential ring are affgned with at lsast some of the
troughs of the wave form of the second distal circumferential ring or the nodal
circumferential ring and are linked to each other such that adjacent clrcumferential

rings define cells within {he network; and
each distal circumferential ring has a wave form that alternates between a

maximum amplitude peak and trough and a minimum amplifude peak and trough,

AMENDED SHEET
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wherein the peak-peak amplifude of the maximum amplitude peaks and tronghs
of the distal circumferential rings increasss progressively from a distal circumferential
ring relatively closer to a nodal circumferential ring to a distal circumferential ring

ralatively further from the nodal circumferential ring,
wherein the peak-peak amplitude of the maximum amplitude peaks and troughs

increases geometrically.

2. A tubutar stent according to claim 1 wherein the stent is crimpabls.

3., A tubular stent according to ¢laim 1 or 2 wherein the incraase in maximum
length paralie! fo the longitudinal axle of cells from the nodal celf of the tubular stent to
{he first distal cell compriges a compansent with a geomstric increage.

4, A tubular stent according to any one of claims 1 to 3, wherein adjacent distal
circumferential rings are linked fo sach other only by the maximum amplitude peaks

and troughs,

8, A tubular stent according fo any one of ¢laims 1 fo 3, whereln at least some of
the adjacent distal circumferential rings are linked to each'ather by the maximum

amplitude peaks and troughs, and by the minimum amplitude peaks and troughs.

8, A tubular stent according 1o any ane of claims 1 fo 5, wherein there s an
increase in the peak-peak ampiifude of the minimum ampliiude peaks and troughs of
fhe distal circumferential rings from a distal clreumfarential ring relatively closer to a
nodal circumferential ring to a distal circumferential ying relatively furthsr fram a nodal

cireumferential fing,

7, A tubular stant according to claim 6, wherein the psak-peak amplitude of the
minimum ampfitude peaks and troughs of ths distal circumferential rings Increases
progressively from a distal clroumferential ring relatively closer to a nodal
clraumterentlal ring to a distal circumferentlal ring relatively further from the nodal

sircumferential ring.

8. A tubular stent according fo claim 6 or 7, wherein the paak-psak amplitude of

the minimum amplitude peaks and troughs increasss geomstrically.
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9. A tubular stent according to any one of the preceding claims, whereln the at

least one nodal cell 1s a closed cell.

10. A tubular stent according to any one of the preceding claims, wherein the
maximum length paralle] to the longitudinal axiz. of calls from the at least one nodal coll
to a distal call relatively closer to the firaf end of the tubular stent Increases at a
different rate from that at which the maximum length parallaf to the longitudinal axis of
cells increases from {he at Jeast one nodal cell to a distal cell relatively closer fo the

second end of the tubular stent,

11.  Atubular stent acgording to any one of the preceding claims, wherain there is a
second nodal cell closar to one of the ends of the tubular stent than the firat nodal call,
wherein there ie a distal call between {he firat and second nodal cells, and whereln the
maximum length paraliel to the longitudinal axis of cells increasas from sach nodal ¢all

to the distal cell batwsen the nodal callg.

12, Atubtdar stent according fo any one of the preceding claims, wherein there Is &
third nodal cell botweean the first and sacond nodal celis, wherein there Is a first
intermediate distal cell between the first and the third nodal cells and a second
intermediate distal cell beiween the second and the third nodal cells, and wherein the
maximum length parellel to the Jongitudinal axis of cells increases from each of the first
and third nodal calls to the first intarmediste distal call and from each of the sscond and

third nodal cells to the second intermeadiate distal cal),

13. A tubular stent according to any one of the preceding clalms, whereln the af
least one nodal cell is the cell or cells closest to the axlal centre of the tubular stent,

14.  Alubular stent according to any one of the precading claims, wherein a
pharmacautically active agent is releasably asaociated with the tubular stent.
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