wo 2017/190161 A1 |00 0O O

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

J

=

(19) World Intellectual Property
Organization
International Bureau

(43) International Publication Date
02 November 2017 (02.11.2017)

(10) International Publication Number

WO 2017/190161 A1

WIPO I PCT

(5D

2D

22)

(25)
(26)
(30$)

an

a2

International Patent Classification:
AG61F 2/24 (2006.01)

International Application Number:
PCT/ZA2017/050025

International Filing Date:
26 April 2017 (26.04.2017)

Filing Language: English

Publication Language: English

Priority Data:

1607351.2 27 April 2016 (27.04.2016) GB

Applicant: STRAIT ACCESS TECHNOLOGIES
HOLDINGS (PTY) LTD [ZA/ZA]; 313 Chris Barnard
Building, University of Cape Town, Anzio Road, 7925 Ob-
servatory (ZA).

Inventors: NELSON, Grant Leigh; 5 Mulroy Place, East
Tamaki Heights, Auckland, 2016 (NZ). PARK, Kenneth
Stuart; 31 Kent Road, 7700 Newlands (ZA). VAN BRE-
DA, Braden Sydney Clive; 8A Alster Ave, 7700 Newlands
(ZA). BEZUIDENHOUT, Deon; 4 Windsor, Bellair Road
18, Vedehoek, 8001 Cape Town (ZA). ZILLA, Peter; 14

74

62y

(84)

Dal Road, Camps Bay, 8001 Cape Town (ZA). APPA, Har-
ish; 90 Rondebosch Oaks, Albion Road, Rondebosch, 7700
Cape Town (ZA).

Agent: SIBANDA & ZANTWIJK; PO Box 1615,
Houghton, 2041 Johannesburg (ZA).

Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY, BZ,
CA,CH,CL,CN, CO, CR, CU, CZ, DE, DJ, DK, DM, DO,
DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,
HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KH, KN, KP, KR,
KW,KZ,LA,LC,LK,LR,LS,LU,LY, MA, MD, ME, MG,
MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ, OM,
PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA, SC,
SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN, TR,
TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM,KE, LR, LS, MW, MZ,NA, RW, SD, SL, ST, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,

(54) Title: EXPANDABLE STENT AND METHODS OF CRIMPING AND EXPANDING SUCH STENT

(57) Abstract: An expandable stent (10) comprises a cylindrical wall made up

Figure 1

of lattice members (12) connected to each other, at least one first arm (14) and
! at least one second arm (15). The first arm comprises: a first non-linear member
(16) that is connected at each of its axial ends to a lattice member at respective
first junctions; a second non-linear member (18) connected at each axial end to
a lattice member; and at least one bridge member (20) extending between the
first member and the second member. The second arm comprises: a first non-
linear member that is connected at each of its axial ends to a lattice member; a
second non-linear member connected at each axial end to a lattice member; and
at least one bridge member extending between the first member and the second
member. The second member of the first arm is generally U-shaped, extending
from its axial ends towards: (i) a first axial end of the stent; and (ii) towards the
bridge of the first arm. The second member of the second arm is generally U-
shaped, extending from its axial ends towards: (i) a first axial end of the stent;
and (ii) towards the bridge of the second arm. The first arm is disposed at a
second axial end of the stent, and the second arm is: (i) axially spaced from the
first arm towards the first axial end of the stent; and (ii) axially aligned with the
first arm. Furthermore, the first member and the second member of each of the
first and second arms are connected to lattice members at their axial ends only.
Upon radial expansion of the stent from a radially crimped condition under the
influence of an external force, tension in: (i) the bridge of the first arm; and (ii)
the bridge member of the second arm, causes the second members of both the
first and second arms to protrude radially outwards, respectively.
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EXPANDABLE STENT AND METHODS OF CRIMPING AND EXPANDING SUCH
STENT

BACKGROUND

The present invention relates to an expandable stent and methods of crimping and
expanding such stent. More particularly, the present invention relates to an expandable
cylindrical stent with axially spaced arms that extend axially in the same direction, which
stent can plastically be deformed to a crimped condition, and which crimped stent can be
expanded radially with the aid of a dilatation device to cause the axially spaced arms to

protrude radially beyond the radial wall of the stent.

In the recent years, there has been a big movement towards minimally invasive surgeries,
which has led to substantial development in the field of vascular devices, particularly
vascular stents and trans-catheter heart valves. This is mainly as a result of the reduced
surgical time, risks and recovery time as well as hospitalisation time of the patients

involved with minimally invasive treatments.

The main aims of vascular stents and trans-catheter heart valves are to reinforce vessel
walls and to restore blood flow to normal physiological conditions. Vascular stents are
used to open up an obstructed vessel. Similarly trans-catheter valves, which consist of a
stent frame and flexible leaflets, are used to replace non-functioning valves such that

appropriate blood flow is restored with better opening and closing of the valve.

Minimally invasive procedures are most commonly performed using an endovascular
procedure, where a small incision is made to have access to a blood vessel to reach a
desired position. The access point depends on the area to which the device is required.
To reach the desired location a guide wire is used to guide the device. The decision of the
access point also relies on the patient's medical condition; for example, for a heart valve
a trans-femoral (through the femoral artery), trans-apical (through the apex of the heart),
or a sub-clavian (through the sub-clavian artery) approach may be used. For the trans-
apical approach or sub-clavian approach a mini-thoracotomy is required to access the

heart.
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These procedures require that the valve or stent is compressed to a small diameter prior
to insertion into the body such that it can either navigate through the vascular system or
be small enough that only a small incision is required. With the help of a guide wire and
sophisticated imaging techniques such as echocardiography and/or fluoroscopy or other
methods the compressed device is placed in the desired position. Once satisfactory

positioning is achieved the device is expanded to the appropriate diameter.

There are two ways to expand the valve / stent to the final desired diameter either by
using a dilatation device (e.g. a balloon) or by allowing it to self-expand. For the balloon
expandable method stainless steel or nickel-cobalt-chromium alloys are widely used for
stents and valves. Initially the stent is compressed from a larger to a smaller diameter.
Due to the material property of the alloys and stent designs used, the stent is plastically
deformed and stays in a compressed state. The stent is then expanded to its final opened

state with the aid of a balloon or a mechanical system.

Self-expandable stents use a different method; they exploit the characteristic superelastic
and shape memory properties of nitinol, a nickel-titanium alloy. The material can be given
a shape memory using appropriate heat treatments. Here the stent is given the memory
of the shape of an expanded state. For the minimally invasive procedure the stent is
compressed and covered with a sheath (that confines it to its crimped state which is then
removed when the correct position is reached allowing the stent to expand to its opened

shape).

Once the stent is expanded it has to stay in position. Anchoring of the device is crucial for
proper function and to avoid embolization or migration, which can be fatal. For minimally
invasive procedures anchoring is achieved by either using friction or structures that stay
in cavities to prevent motion or harpoon/hook-like elements that anchor in the surrounding

vessel.

With its shape memory advantage, nitinol stents can be designed to have complex
shapes or configurations when expanded. That allows nitinol based stents to anchor
adequately in a vessel. However, nitinol stents have a few disadvantages. The diameter
of stents designed with nitinol cannot be readily adjusted, which makes sizing critical.
There are risks of both oversizing and undersizing, which could lead to valve leakage
and/or migration. When oversized the typical continuous high forces of nitinol based

stents can sometimes lead to trauma. In the case of trans-catheter valves, continuous
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contact force between the stent and the heart may lead to compression of the electrical
conduction structures in the heart, which in turn may necessitate the implantation of a
permanent pacemaker. In addition, nitinol stents require a restraining sheath once in a
compressed condition to prevent the stent from expanding at a time when expansion is
not desired. These sheaths require more complex delivery systems to allow operators to
control the unsheathing operation. Furthermore, the relatively lower strength of nitinol
stents means that post-expansion of the stent using another balloon may be required to
ensure that the stent is sufficiently opposed the wall of the lumen or body cavity to reduce

the likelihood of blood flow around the outside of the stent.

On the other hand, balloon expandable stents have been designed to expand generally in
a cylindrical configuration. An advantage of balloon-expandable stents is that they ensure
a rigid circular structure due to the high radial strength of the material and work hardening
undergone during the crimping process. With a balloon deployment, post dilatation of
stent is seldom used. Standard cylindrical balloon-expandable stents rely on friction
between the stent and the body to prevent migration. In the case of commercially
available balloon-expandable trans-catheter valve stents it is well known that calcium
must be present in the valve annulus to provide a secure base for anchorage, and that

valves readily migrate or embolize if the rigidity provided by the calcium is not present.

With the above in mind it can be seen that anchoring for both balloon-expandable and
nitinol stents need to be improved. However with the added benefits of balloon
expandable stents, anchoring mechanisms, arms or non-cylindrical stent behaviour would

be additionally beneficial to improving the device behaviour in situ.

Various forms of deformable stents exist. For example:

WO000/64355 “Intravascular folded tubular endoprosthesis” describes an
expandable stent with radially protruding barbs. A drawback of this stent is that the barbs

protrude even when the stent is in a radially compressed state.

GB2513195 “A stent for a prosthetic heart valve” describes an expandable stent
with arms, which arms are caused to protrude radially by tethers that form part of the
valve deployment device. A drawback of this device is that deployment of the arms is

complex, requiring a custom dilatation device.
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US8,992,608 “Everting heart valve” describes an expandable stent including arms
that are caused to protrude radially upon axial compression of the stent. A drawback of
this device is that deployment of the arms requires axial compression of the stent and a

custom dilatation device.

US8,216,301 “Implant implantation unit” describes an expandable stent and arms
that protrude from the outer radial wall of the stent and resiliently pivot radially outwards
from the stent. A drawback of this device is that the arms must be restrained from pivoting

radially outwards during insertion of the device into a patient.

WO02011/002996 “Apparatus and method for replacing a diseased cardiac valve”
describes an expandable stent wherein radial expansion of the stent causes opposed
arms to protrude radially to capture a structure on a vessel wall between the opposed
arms. A drawback of this device is that the degree to which the arms protrude radially
from the stent wall must accurately be determined to ensure proper engagement of the
arms and the formation on the vessel. Should the arms not protrude sufficiently radially
properly to engage the structure on the vessel wall, slippage of the stent along the vessel
may cause the structure on the vessel to pass beyond the arm, unable again properly to

become engaged by the stent.

It is an object of the present invention to address the above drawbacks and to provide an
expandable stent wherein:
0 the arms form an integral part of the cylindrical wall of the stent;
(i) radial expansion of the stent causes the arms to protrude radially;
(iii) the stent can be expanded and the arms caused to protrude without requiring
a customised dilatator; and
(iv) the stent includes at least two axially spaced and axially aligned arms that
extend radially from the stent wall by different degrees, such that, should the
stent shift axially along the vessel, a structure on the vessel wall that bypasses
a first arm may properly be engaged by a second arm that is axially spaced
from, and axially aligned with the first arm. This is particularly relevant when
the first and second arms are required to rest on the same valve leaflet free

edge.
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SUMMARY OF THE INVENTION

According to a first aspect of the invention, there is provided an expandable stent that

comprises a cylindrical wall made up of:

lattice members connected to each other;

at least one first arm that comprises:

a first non-linear member that is connected at each of its axial ends o a

latlice member at respective first junctions; and

a second non-linear member connected at each axial end to: (i) a latlice

member; or (i} the first member of the first arm; and

at least one bridge member extending between the first member and the

second member,

at least one second arm that comprises:

a first non-linear member that is connected at each of its axial ends to a

iattice member; and

a second non-linear member connected at each axial end {o a lattice

member; and

at least one bridge member extending between the first member and the

second member,

characterised in that;

the second member of the first arm is generally U-shaped, extending from its

axial ends towards: (i) a first axial end of the stent; and (i) towards the

bridge of the first army;
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the second member of the second arm is generally U-shaped, exiending
from its axial ends towards: (i} a first axial end of the stent; and {i} towards

the bridge of the second arm;

the first arm is disposed at a second axial end of the stent, and the second
arm is: (i} axially spaced from the first arm towards the first axial end of the

stent; and (i} axially aligned with the first arm; and

the first member and the second member of each of the first and second

arms are connected to lattice members at their axial ends only,

such that, upon radial expansion of the stent from a radially crimped condition under
the influence of an external force, tension in: (i) the bridge of the first arm; and (i)
the bridge member of the second arm, causes the second members of both the first

and second arms fo protrude radially outwards, respectively.

Typicaily, the lengih of the first member of the first arm is longer than the length of the

first member of the second arm.

Generally, the circumferential spacing between the axial ends of the second member of
the first arm is greater than the circumferential spacing between the axial ends of the

second member of the second arm.

Preferably, the first member of the first arm defines a stiffened portion at each axial end of
such first member, which stiffened portions are spaced from each other {o define a

deformable portion therebetween.

Typically, the first member of the first arm is substantially M-shaped, defining a pair of leg
portions with a curved portion therebetween, wherein each leg portion comprises a

stiffened portion and the curved portion comprises the deformable portion.

Generally, the stent includes: (i) three first arms that are circumferentially equi-offset from
each other; and {ii) three second arms that are circumferentially equi-offset from each

other.
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Preferably, in respect of each second arm, the axial ends of the first member of the
second arm are spaced from the axial ends of the second member of the second arm,

with at least a portion of a lattice member extending therebetween.

Typically, the circumferential spacing between the axial ends of the first member of each
first arm is greater than the circumferential spacing between the axial ends of the first

member of each second arm.

Generally, the first member of each second arm is generally U-shaped.

Preferably, in respect of each first arm:

each siiffened portion of the first member of the first arm is at least 1.3mm in length;

and

the stiffened portions of the first member of the first arm on the one hand and the
second member of the first arm on the other hand are disposed on opposite sides of
a virtual plane that: (i) extends between the respective first junctions; and (i} is

transverse the longitudinal axis of the stent,

such that, upon radial expansion of the stent from a radially crimped condition under the
influence of an external force, tension in the latlice members at the first junctions causes
rotation of the sliffened portions of the first member of the first arm at the first junctions,
thereby causing the ends of the sliffened portions distal the second member of the first

arm to rotate {owards each other.

Typicaily, the stent is right circular cylindrical in shape.

Generally, the stent further includes valve leaflets: (i) located within the stent; and (ii)

secured to lattice members.

Preferably: (i) three contiguous lattice members are arcuate in shape; (ii) each arcuate-
shaped lattice member extends along at least 25% of the perimeter of the stent; (iii) each
arcuate-shaped lattice member defines a series of apertures or rings along its length; and
(iv) the valve leaflets are sutured to such arcuate shaped lattice members via such

apertures or rings.
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According to a second aspect of the invention, there is provided a method of crimping a

stent according to the first aspect of the invention, which method includes the steps of:

causing primary deformation of the lattice members that induces: {i) relative angular
displacement of the latlice members at their points of connection to each other and
general deformation of lattice members 10 a collapsed state; and (i} adjacent first

rernbers of adjacent first arms o contact each other; and

causing secondary deformation of the lattice members wherein further compression
of the collapsed lattice members causes the stiffened portions of the first members

of each first arm plastically to deform.

Typically, the method further includes the step of pinching adjaceni stiffened portions of
adjacent first members of adjacent first arms togsther, thereby causing such stiffened

portions further to deform plastically.

According to a third aspect of the invention, there is provided a method of expanding &

stent according to the first aspect of the invention, which method includes the steps of:

positioning the stent that has previously been crimped through a heart valve with
the first arms and the second arms exiending past the free ends of the valve

ieaflets;

expanding a dilatation device within the stent to cause: (i) the stent fo expand; and
(i) the first and second arms fo profrude radiaily relalive 1o the adjacent lattice

members; and

displacing the stent axially relative {o the valve 1o cause the first arms or the second
arms to rest on the free ends of the valve leaflels, with the free ends of the resting
first arms or second arms spaced from the intersection of the valve leaflets and

aortic root.

BRIEF DESCRIPTION OF THE DRAWINGS

The invention will now be described in more detail, by way of examples only, with

reference to the accompanying drawings in which:

8
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Figure 1 is a perspective view of an expandable cylindrical stent according to a

preferred embodiment of a first aspect of the invention;

Figure 2 is a side view of the stent in Figure 1;

Figure 3 is a side view of the stent in Figure 1 in a fully crimped condition;

Figure 4 is a side view of the stent in Figure 1 in a pinched condition;

Figure 5 is a side view of the stent in Figure 1 in a radially expanded condition;
Figure 6 is a side view of the stent in Figure 1 in a radially expanded condition, with

the stent located within an aortic root;

Figure 7 is a side view of an expandable cylindrical stent according to a first

alternative embodiment of a first aspect of the invention;

Figure 8 is a side view of the stent in Figure 7 in a fully crimped condition;
Figure 9 is a side view of the stent in Figure 7 in a radially expanded condition; and
Figure 10 is a side view of an expandable cylindrical stent according to a second

alternative embodiment of a first aspect of the invention.

DESCRIPTION OF THE INVENTION

With reference to Figures 1 to 6 of the drawings, an expandable cylindrical stent 10 is
formed by laser cutting a single right circular cylindrical tube to form lattice members 12,
first arms 14 and second arms 15. The lattice members 12 and arms 14 and 15 form an
integral part of the cylindrical wall of the stent 10, which is typically between 18mm and

30mm in outer diameter.

The lattice members 12 form a lattice, in the sense that they are connected to each other
at junctions, which formation permits the stent 10 to be crimped (i.e. radially compressed)

under the influence of an enveloping external radially compressive force. The lattice

9
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members 12 need not necessarily form a regular diamond-shaped structure. For a 23mm
outer diameter stent 10 (which is typically made from a 23mm outer diameter tube), the
lattice member width may vary between 100 ym and 1000um, but is most preferably

between 200 yum and 600pm.

The stent 10 may be made of stainless steel, cobalt-chromium alloys such as L605 and
MP35N, or tantalum alloys. Accordingly, the stent 10 is plastically deformable from an
initial condition shown in Figures 1 and 2 to a fully crimped condition shown in Figure 3, to
a pinched condition shown in Figure 4, and to a radially expanded condition shown in

Figures 5 and 6.

Each of the first and second arms 14 and 15 comprises a first non-linear member 16, a
second non-linear member 18 and a bridge member 20. In this regard, it should be
appreciated that adjacent, axially-spaced U-shaped members without a bridge extending

therebetween should not be regarded as an “arm”.

The first arm 14 is disposed at a second axial end of the stent 10, and the second arm 15
is axially aligned with and spaced from the first arm 14 towards the first axial end of the
stent 10. i will be appreciated that the term “axially aligned” does not require the first and
second arms 14 and 15 10 be disposed on the stent axis A-A. “Axially aligned” is intended
to be interpreted fo mean that the first and second arms 14 and 15 are disposed on a line

that runs parallel to the sient axis A-A.

Referring specifically to the first arm 14: The first member 16 is generally M-shaped,
defining & pair of leg portions 18a with a central portion (fypically curved or U-shaped)
16b therebetween. It will be appreciated that aithough the central porlion 16b has been
shown as U-shaped, this central portion 18b could be siraight. The first member 16 is
also of variabie stiffness along its length — the axial ends of the first member 16 (i.e. the
leg portions 16a) defining stiffened portions that are spaced from each other to define a
deformable portion there between (i.e. the curved central portion 16b). The stiffened
portions 16a could be thicker than the deformable curved central portion 16b. For
instance, the stiffened portions 16a could be 1.5 to 3 times the width of the deformable
curved central portion 16b / the lattice members 12. Alternatively, the stiffened portions
16a could be treated (e.g. heat treated) to increase the shore hardness of the first
member 16 in these regions. The stiffened portions 16a are typically stiffer (i.e. more
resistant to deformation) than any other portion of the first member 16, second member

18, bridge member 20 and lattice members 12.

10
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Preferably, each stiffened portion 16a of the first member 18 of the first arms 14 is at least

1.3mm in length and at most 2.3mm in length.

The first member 16 of the first arm 14 is connected at its axial ends to lattice members

12 at respective first junctions 22.

Referring specifically to the second arm 15: The first member 16 is generally U-shaped

and is of uniform stiffness along its length.

The circumferential spacing between the axial ends of the first member 16 of each first
arm 14 is greater than the circumferential spacing between the axial ends of the first

member 16 of each second arm 15.

Importantly, in respect of both the first and second arms 14 and 15, the first member 16 is
non-linear so as to permit the first member 16 to straighten when subject to a tensile axial

force.

Importantly, in respect of both the first and second arms 14 and 15, the first member 16 is
not connected to lattice members 12 otherwise than at the axial ends of the first member
16. This ensures that the first member 16 is free from restraint induced by lattice

members 12 other than at the axial ends of the first member 16.

In respect of each of the first and second arms 14 and 15: the second non-linear member
18 is generally U-shaped and typically of uniform stiffness along its length. Importantly,
the second member 18 is non-linear so as to permit the second member 18 to straighten
when subject to a tensile axial force. The second member 18 is connected at its axial
ends to lattice members 12 at respective second junctions 24 and extends from its axial
ends towards: (i) a first axial end of the stent 10; and (ii) towards the bridge 20.
Importantly, the second member 18 is not connected to lattice members 12 otherwise
than at the axial ends of the second member 18. This ensures that the second member
18 is free from restraint induced by lattice members 12 other than at the axial ends of the

second member 18.

It will be appreciated that the second members 18 of each of the first and second arms 14

and 15 extend in the same direction. This should be contrasted against the stent

11
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described in W0O2011/002996, which shows opposed axially spaced and aligned arms

(i.e. where the arms extend in opposite directions).

The circumferential spacing between the axial ends of the second member 18 of the first
arm 14 is greater than the circumferential spacing between the axial ends of the second
member 18 of the second arm 15. Furthermore, in respect of each second arm 15, the
axial ends of the first member 16 of the second arm 15 are spaced from the axial ends of
the second member 18 of the second arm 15, with at least a portion of a lattice member

12 extending therebetween.

In respect of the first arm 14, Figures 1 to 6 show the first and second junctions 22 and 24
being spaced from each other. However, (as shown in Figures 7 to 9), the first junctions

could be coincident with the second junctions.

In respect of each of the first and second arms 14 and 15, the second member 18 is less
than 28mm in length, more preferably, less than 20mm in length and even more
preferably less than 16mm in length. Accordingly, the second member 18 protrudes from
the second junctions 24 less than 14mm (i.e. half its longest length of 28mm) (see Figure
2). By “length”, the actual length is meant, i.e. the length of the second member, whether

in its non-linear form or whether it were straightened.

Optionally, the iength of the first member 16 of the first arm 14 is longer than the length of
the first member 16 of the second arm 15. Further optionally, the iength of the second
member 18 of the first arm 14 is longer than the length of the second member 18 of the

second arm 15.

Turning specifically 1o the first arm 14, the stiffened portions 16a of the first member 16
on the one hand and the second member 18 on the other hand are disposed on opposite
sides of a virtual plane 26 shown in Figure 1 that: (i) exiends between the respective first

junctions 22; and (b) is fransverse the longitudinal axis A-A of the cylindrical stent 10,

In respect of each of the first and second arms 14 and 15, a bridge member 20 extends
between the first member 16 and the second member 18, so as, during crimping and
radial expansion of the stent 10, to transfer forces between the first and second members
16 and 18. Although Figures 1 to 6 show a single bridge member 20 spanning the first
and second members 16 and 18, each of the arms 14 and 15 could include any number

of bridge members 20. Figures 1 to 6 do not show bridge members 20 connected directly

12
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to lattice members 12. However the bridge members 20 may connect to lattice members

12 at the first and second junctions 22 and 24.

Figures 1 to 8 shows stents 10 with: three first arms 14 that are circumferentially equi-
offset relative to each other; and three second arms 15 that are circumferentially egui-

offset relative to each other.

Turning specifically to Figure 6, valve 30 leaflets 32 (e.g. a tri-leaflet polymer or tissue
valve with a thickness varying between 50pm and 500um) could be located within the
stent 10; and (ii) secured to an arcuate-shaped lattice members 36. The stent 10 shows
three contiguous arcuate-shaped lattice members 36 that extend continuously around the
perimeter of the stent 10. By “contiguous”, it is meant that each arcuate-shaped lattice
member 36 terminates side-by-side with its adjacent arcuate-shaped lattice member 36 to
form a continuous series of arcuate-shaped lattice members 36 that extend around the
perimeter of the stent 10. Further, the arcuate —shaped lattice members 36 are formed
integrally with the stent 10 and each other. Each arcuate-shaped lattice member 36 also
defines a series of apertures or rings to facilitate suturing of valve 30 leaflets 32 to the
stent 10 (via such apertures or rings). The addition of the valve 30 enables the stent 10 to

act as a replacement valve.

Although each arcuate-shaped lattice member 36 is shown as being axially aligned with
the first and second arms 14 and 15, it will be appreciated that each arcuate-shaped

lattice member 36 need only extend along at least 25% of the perimeter of the stent.

Figures 7 to 8 show an alternative embodiment of the expandable cylindrical stent 110.
This allernative embodiment similarly includes lattice members 112, three first arms 114
and three second arms 115, with each of the first and second arms 114 and 115 including
first and second members 116 and 118 and a bridge 120 extending belween such first

and second members 118 and 118,

Figures 7 to 9 show the absence of iatlice members 112 exiending axially between
adjacent stiffened portions 116a of adjacent first members 116 of adjacent first arms 114,
This enables such adjacent stiffened portions 118a of adjacent first members 116 of
adjacent first arms 114 fo deform towards each other during crimping without intervening
lattice members {or portions of the second member 118 on the first arm 114} inhibiting

such deformation. The ability to deform freely towards each other, so as to permit contact

13



10

15

20

25

30

35

WO 2017/190161 PCT/ZA2017/050025

between such adjacent stiffened porticns 116a of adjacent first members 116 of adjacent
first arms 114, enables the stent 110 fo be crimped more sffectively than the stent
described in WO02011/002996. In contrast, the stent described in W02011/002996
described the first member (including stiffened portions thereof) and the second member
(including stiffened portions thereof) disposed on the same side of a virtual plane that: (i)
extends between the junction of the first member and latlice members; and (i) is
fransverse the longitudinal axis of the stent. Accordingly, during compression of the sient
described in WO2011/002996, the presence of latlice members and the second member
between adjacent stiffened portions of adjacent first members, restricts deformation of

such adjacent stiffened portions during crimping.

Figure 10 shows a second alternative embodiment of the expandable coylindrical stent
210. This second aliernative embodiment similarly includes iattice members 212 (which
includes a post 212a), three first arms 214 and three second arms 215, with each of the
first and second arms 214 and 215 including first and second members 216 and 218 and
a bridge 220 exiending between such first and second members 218 and 218. The first
member 216 of the first arm 214 is connected to the laltice member 212 (in the form of

the lattice post 212a) at junctions 222.

According to a second aspect of the invention (and with reference to the preferred
embodiment of the sient 10), a method of crimping an expandable cylindrical stent 10

inciudes the steps of:

® Placing a stent 10 in its inilial condition {i.e. not deformed from its original tubular
shape} info a crimping device {not shown) for applying an enveloping radial
compressive force fo the stent 10.

s Crimping the stent 10, thereby causing primary deformation of the lattice members
12 that induces: (i) relative angular displacement of the latlice members 12 at their
junctions {i.e. points of connection to each other) and general deformation of latlice
members 12 to a collapsed state; and (i) adjacent first members 16 of adjacent first
arms 14 iowards each other. In an embodiment now shown, such adjacent first
members 16 of adjacent first arms 14 could contact each other during such
crimping process. It will be appreciated that, since the stiffened portions 16a of the
first member 16 of the first arm 14 are more resistant to deformation than that other
members 12, 18 and 20 forming the stent 10, the stiffened portions 18a of the first
member 16 of the first arm 14 undergo less deformation than such other members
12, 18 and 20.
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® With the laltice members 12 fully {or near-fully) compressed and no lattice members
exiending axially between adjacent first members 16 of adjacent first arms 14,
further compression (i.e. addilional radial compressive force) causes the stiffened
portions 16a of the first members 16 of the first arms 14 plastically further to deform.
This fully crimped condition is shown in Figure 3. When in the fully crimped
condition, the stent 10 outer diameter is reduced to less than 10mm, preferably less
than 6mm. It will be appreciated that the crimping device must be capable of
applying: a first degree of radial comprassive force o cause the stent 10 to deform
o the partially crimped condition; and a second degree of radial radial compressive
force (which is higher than the first degree of radial compressive force) o cause the
stent to deform to the fully crimped condition.

® In the fully crimped condilion, the stiffened portions 16a of adjacent first member 18
or adiacent first arms 14 may be pinched towards each other. For this purpose, a
pinching tool (not shown) may be applied {o such adjacent stiffened portions 16a of
adjacent first members 18 of adjacent first arms further plastically to deform them

towards each other. This pinched condition is shown in Figure 4.

Turning to Figure 8, according to a third aspect of the invention (and with reference to the
preferred embodiment of the stent 10), a method of radially expanding an expandabie

cylindrical stent 10 includes the steps of:

s Inserting a stent 10 that has been crimped (and optionally pinched into the pinched
condition) into an vessel (e.g. an aorta).

& Locating the stent 10 through a valve 34 (e.g. a milral valve) with the first and
second arms 14 and 15 extending beyond the valve 34 cusps / leaflets.

& Radially expanding the stent 10 from the crimped {or, optionally, pinched} condition
by radially expanding a dilalation device (not shown} disposed axially within the
stent 10. The dilatation device could, for example, be a mechanical expander, an
inflatable cylindrical balloon or an inflatable spiral.

e The dilatation device is capable of applying sufficient force o cause the lattice
elements 12 io deform io their initial condition shown in Figure 1. However, the
dilatation device does not apply sufficient force to cause the stiffened portions 16a
of the first members 18 of the first arms 14 {o deform {o their initial condition shown
in Figure 1. Since the siliffened portions 18a resist rotation back to their initial

condition, the non-linear first member 16 of the first arms 14 must straighten 1o
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enable the diameter of the stent 10 in the vicinity of the first members 16 of the first
arms 14 radially to expand to its initial diameter shown in Figure 1.

Straightening of the first members 16 of the first arms 14 induces tension in the
bridge member 20 of the first arms 14, which tension induces the second members
18 of the first arms 14 1o protrude radially cutwards relative to the adjacent lattice
members 12. It will be appreciated that: (i) the configuration of the stent 10; and (i)
the presence of the dilatation device within the stent 10, prevents the second
members 18 of the first arms 14 from protruding radially inwards. Similarly,
expansion of the stent 10 causes the second member 18 of the second arms 15 o
protrude radially ocutwards relative to the adjacent lattice members 12. When
expanded, the second arms 15 protrude radially cutwards relative to the adjacent
laftice members 12 to a greater degree than the first arms 14,

Frior fo the stent 10 being fully expanded, the stent 10 is moved towards the free
ends of the valve 34 leafiets. Further radial expansion of the stent 10 causes: the
stent 10 to bear against the aoria / valve 34; the first members 16 of the first arms
14 and second arms 15 {o straighten further; and the first and second arms 14 and
14 further to protrude radially.

Since:; (i) the second members 18 of the first and second arms 14 and 15 are less
than 28mm in length and protrude less than 14mm {see Figure 2) from the axial
ends of their first members 16; and (i) the vaive 34 leaflels are typically 14mm in
length {i.e. from their connection with the aorta wall o their free end), it will be
appreciaied that the first and second arms 14 and 15 do noi exiend fo the
intersaction between the valve 34 and the aoria wall. Instead, one of the first and

second arms 14 and 15 may rest on the free ends of the valve 34 leaflets.

In use, the first and second arms 14 and 15 prevent embolization or migration of the stent

10 as a result of forward blood flow and the back blood pressure.

It will be appreciated that since:

&

the first member 16 of the first arm 14 is not connected to lattice members 12
otherwise than at the axial ends of such first member 16 (i.e. such first member 16
is free from restraint induced by lattice members 12 other than at the axial ends of
such first member 16); and

the stiffened portions 18a of the first member 16 of the first arm 14 on the one hand
and the second member 18 of the first arm 14 on the other hand are disposed on

opposite sides of the virtual plane 286,
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upon radial expansion of the stent 10 from a crimped or pinched condition under the
influence of an external force {i.e. induced by the dilatation device) consequential tension
in the latlice members 12 at the first junctions 22 (i.e. at a first axial end of the stiffened
portions 16a of the first member 16 of a first arm 14) coupled with conseguential tension
in the first member 16 of the first arm 14 {i.e. al a second axial ends of the stiffened
portions 16a) causes rotation of the stiffensd portions 162 of the first member 16 of the
first arm 14 at the first junctions 22, thereby causing the ends of the stiffened portions 16z
distal the second member 18 of the first arm 14 1o rolate iowards each other. In other
words, such rotation causes the stiffened portions 16a of adiacent first member 16 of

adjacent first arms 14 {o diverge.

The length of a stiffened portion 16a of the first member 16 of a first arm 14 influences the
degree of protrusion of the second member 18 of the first arm 14 upon radial expansion
of the stent 10.

It will be appreciated that:

. Whereas the stent described in WO00/64355 includes barbs that protrude radially
even when in the radially crimped condition, the stent 10 according to the present
invention includes first and second arms 14 and 15 that do not protrude radially
outwards from the stent 10 cylindrical wall when in the fully crimped condition.

. Whereas the stents described in GB2513195 and US8,992,608 require a
customised dilatation device that not only radially expands the stent but also causes
radial extension of the arms, the stent 10 according to the present invention
requires a dilatation device that merely radially expands the stent 10 — the
configuration of the stent 10 causes radially protrusion of the first and second arms
14 and 15 upon radial expansion of the stent 10.

. Whereas US8,992,608 requires axial compression of the stent to cause arms to
protrude radially, the stent 10 according to the present invention causes radial
protrusion of the first and second arms 14 and 15 upon radial expansion of the stent
10 alone.

. Whereas US8,216,301 describes arms that do not form part of the cylindrical wall of
the stent and must be restrained prior to being deployed radially outwards, the first
and second arms 14 and 15 according to the present invention form an integral part
of the stent 10 cylindrical wall and do not require any restraint to prior to radial

expansion of the stent 10 from the pinched / fully crimped condition.
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W02011/002996 describes a stent including opposed axially spaced arms (i.e.
axially spaced and aligned arms that extend towards each other), whereas the stent
10 according to the present invention includes axially spaced and aligned first and
second arms 14 and 15 that extend in the same direction (i.e. towards the same
axial end of the stent 10). With its first and second arms 14 and 15 axially aligned,
should the stent 10 according to the present invention shift axially along a vessel,
such that a second arm 15 passes (for example) a valve leaflet free edge, the
corresponding first arm 14 of the stent 10 has an opportunity to engage with and
rest on the same valve leaflet free edge and thereby anchor the stent in the vessel.
Furthermore, WQ02011/002996 describes a stent wherein adjacent stiffened
portions of adjacent arms are connected to each other at or near a point on the
stiffened portions that are distal the second member. Accordingly, upon radial
expansion of the stent, these stiffened portions diverge from this point on the
stiffened portions. Such divergence permits deformation of the second member and
not deformation (i.e. extension) of the first member during radial expansion of the
stent. Whereas, the stent 10 according to the present invention includes stiffened
portions 16a on first members 16 of first arms 14 that are connected to lattice
members 12 at a point on the stiffened portions 16a proximal the second member
18. Accordingly, upon radial expansion of the stent 10, these stiffened portions 16a
diverge from this point on the stiffened portions 16a. Such divergence permits
deformation of the deformable curved central portion 16b of the first member 16 and
not (directly) deformation of the second member 18 during radial expansion of the
stent 10 - deformation of the second member 18 of the first arm 14 is caused by
tension in the bridge member 20 induced by straightening of the first member 16 of

the first arm 14.
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CLAIMS

1. An expandable stent comprising a cvlindrical wall made up of:

lattice members connected o sach other;

at least one first arm that comprises:

a first non-linear member that is connected at each of its axial ends to a

lattice member at respective first junctions; and

a second non-linear member connected at each axial end to: (i) a latlice

member; or (i) the first member of the first arm; and

at least one bridge member extending between the first member and the

second member,

at least one second arm thal comprises:

a first non-linear member that is connected at each of its axial ends to a

fattice member; and

a second non-linear member connected at each axial end o a latlice

member; and

at least one bridge member extending between the first member and the

second member,

characterised in that;

the second member of the first arm is generally U-shaped, extending from its
axial ends towards: (i} a first axial end of the stent; and (i) towards the bridge

of the first arm;

the second member of the second arm is generally U-shaped, extending from
its axial ends towards: {i) a first axial end of the stent; and (i) towards the

bridge of the second arm;
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the first arm is disposed at a second axial end of the stent, and the second
arm is: (i) axiaily spaced from the first arm towards the first axial end of the

stent; and {ii) axially aligned with the first arm; and

the first member and the second member of each of the first and second arms

are connected to lattice members al their axial ends only,

such that, upon radial expansion of the stent from a radially crimped condition under
the influence of an exiernal force, tension in: (i) the bridge of the first arm; and (i)
the bridge member of the second arm, causes the second members of both the first

and second arms to protrude radially outwards, respectively.

A stent according to claim 1, wherein the length of the first member of the first arm

is longer than the length of the first member of the second arm.

A stent according to claim 2, wherein the circumferential spacing between the axial
ends of the second member of the first arm is greater than the circumferential

spacing between the axial ends of the second member of the second arm.

A stent according to claim 3, wherein the first member of the first arm defines a
stiffened portion at each axial end of such first member, which stiffened portions are

spaced from each other to define a deformable portion therebetween.

A stent according to claim 4, wherein the first member of the first arm is
substantially M-shaped, defining a pair of leg portions with a curved portion
thersbetween, wherein each leg portion comprises a stiffened portion and the

curved portion comprises the deformable portion.
A stent according to claim 5 including: (i) three first arms that are circumferentially

equi-offset from each other; and (i) three second arms that are circumferentially

equi-offset from each other.

A stent according to claim 8, wherein, in respect of each second arm, the axial ends

of the first member of the second arm are spaced from the axial ends of the second
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10.

11.

12.

13.

member of the second arm, with at least a portion of a lattice member extending

therebetween.

A stent according to claim 7, wherein the circumferential spacing between the axial
ends of the first member of each first arm is greater than the circumferential spacing

between the axial ends of the first member of each second arm.

A stent according to claim 8, wherein the first member of each second arm is

generally U-shaped.

A stent according to claim 9, wherein, in respect of sach first arm:

each siiffened portion of the first member of the first arm is at feast 1.3mm in

length; and

the stiffened portions of the first member of the first arm on the one hand and
the second member of the first arm on the other hand are disposed on
opposite sides of a virtual plane that: {i) extends between the respsctive first

junctions; and (i} is transverse the longitudinal axis of the stent,

such that, upon radial expansion of the stent from a radially crimped condition under
the influence of an exiernal force, tension in the laitice members at the first
junctions causes rolation of the stiffened portions of the first member of the first arm
at the first junctions, thereby causing the ends of the stiffened portions distal the

second member of the first arm to rotate towards each other.

A stent according to claim 10, wherein the stent is right circular cylindrical in shape.

A stent according to claim 11, further including valve leaflets: (i) located within the

stent; and (ii) secured to lattice members.

A stent according to claim 12, wherein: (i) three contiguous lattice members are
arcuate in shape; (ii) each arcuate-shaped lattice member extends along at least
25% of the perimeter of the stent; (iii) each arcuate-shaped lattice member defines
a series of apertures or rings along its length; and (iv) the valve leaflets are sutured

to such arcuate shaped lattice members via such apertures or rings.
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14.

15.

16.

A method of crimping a stent according o claim 6, which method includes the steps

of:

causing primary deformation of the lattice members that induces: (i) relative
angular displacement of the lattice members at their points of connection {o
each other and general deformation of iatlice members {0 a collapsed stals;
and (i) adjacent first members of adjacent first arms io contact each other;

and

causing secondary deformation of the lattice members wherein further
compression of the collapsad lattice members causes the stiffened portions of

the first members of each first arm plastically to deform.

A method of crimping a stent according to claim 14, further including the step of
pinching adjacent stiffened portions of adjacent first members of adjacent first arms

together, thereby causing such stiffenad portions further to deform plastically.

A maethod of expanding a stent according to claim 8, which mesthod includes the

steps of:

positioning the stent that has previously been crimped through a heart valve
with the first arms and the second arms extending past the free ends of the

valve leaflets;

expanding a dilatalion device within the stent to cause: (i) the stent to expand;
and (i} the first and second arms {o protrude radially relative o the adjacent

{atlice members; and

displacing the stent axially relative to the valve 1o cause the first arms or the
second arms o rest on the free ends of the valve leaflets, with the free ends
of the resting first arms or second arms spaced from the intersection of the

valve leaflets and aortic root.
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