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APPARATUS AND METHOD FOR DEPLOYING
AN IMPLANTABLE DEVICE WITHIN THE BOoby

Field of the Invention
0001} The present invention relates to the treatment of vascalar disease, including
for example aneurysms, ruptores, psuedoancurysms, dissections, exclusion of vulnerable
plague and treatment of occlusive conditions, and more particularly, the mvention is
refated to an apparatss and method for dehivering and deploving an implantable device
within the body to treat sach conditions. The present invention i particufarly suttable for
mplanting stents, grafls and stent grafts within arteries or other vessels at sites involving

two oF more intersecting vessels.

Background of the Invention
{6062} it is well known in the priov art o treat vascular disease with implantable
stents and grafts. For example, it 15 well known in the art to mterpose within a stenotic or
occhuded portion of an artery a stenf capable of self~expanding or being balloon-
expandgble. Similarly, it is also well known in the prior art to use a graft or a stent grafi
to repair highly damaged or vulnerable portions of a vessel, particularly the aorta, thereby
ensuring blood Aow and redecing the risk of an ancwrysm of rupture,
{0 3] A more challenging stuation occurs when It i3 desirable to use a stent, a graft
or a stent graft at or around the intersection between a major artery {e.z., the abdominal
aorta) and one or more mtersecting arteries {¢.g., the remal arteries). Use of single axial
stents or grafts may effectively seal or block-oft the blood flow to collateral organs such
as the kidneys, ULS. Patent No, 6,030 414 addresses such a situation, disclosing usc of a
stent graft having lateral openings for alignment with collateral blood flow passages
extending from the primary vessel info which the stont graft is positioned, The lateral
openings ate pre-positioned within the stent based on identification of the relative
positioning of the lateral vessels with which they are to be aligned. US. Patent No.
6,099 54R discloses a multi-branch graft and a syster for deploying it Implantation of
the graft s quite involved, requiring a diserete, balloon-deplovable stent for secuning each
side branch of the graft within 3 designated branch artery, Additionally. a plarality of
stylets 13 necessary to deliver the graft, occupying space within the vasculature and
therehy making the system less adaptable for implantation into smaller vessels. Further,

debivery of the graft and the stonts requires access and exposare to cach of the branch



WO 2008/098255 PCT/US2008/053615

vessels into which the graft is to be placed by way of a secondary arteriotomy. These
technkyues, while effective, may be cumbersome and somewhat difficult to employ and
exceute, particularly where the implant sife involves twe or niore vessels inforseeting the
privaary vessel, all of which require engrafting.

{0004} The ase of bifurcated stents for treating abdominal aortic ancurysms (AAA)Y is
well known in the art, These stents have been developed specitfically to address the
problems that anise in the treatment of vascular defects and or discase at or near the site of
a bifurcation. The bifurcated stent is typically configured 1 a “pant” design which
comprises a whudar body or runk and two tubular legs. Examples of bifurcated stents are
provided in ULS, Patent Nos. 3,723 004 and 5,755,733, Bifurcated stents may have either
anitary configurations or modular configurations in which the compounents of the stent are
iterconnected in situ. In particular, one or both of the leg extensions are attachable to &
main tubular body. Although the delivery of modular systems is fess difficult due to the
smalicr sizes of the components, 1t is difficult to align and interconneet the legs with the
body humen with enough precision to avod any leakage. On the other hand, while
wtary stents redoce the probability of leakage, their larger stracture 1s often difficdi to
deliver to a treatment site having a constrained geometry.

{6008] The highly ctrved anatomy of the aortic arch requires a stent that can
accommuodate varions radst of corvature. More particularly, the stent wall is required fo
be adaptable to the tighter radius of carvature of the anderside of the aortic arch without
kinking while being able to extend or streteh 1o acconunodate the longer topside of the
arch without stretching the stent cellsfwire mamix beyond its clastic capabiiitics.

[0006] Additionally, the variability of the anatomy of the aortic arch from person to
person makes it a difficalt location in which to place a stent graft. While the namber of
branch vessels originating from the arch s most commonly three, namely, the left
subclavian artery, the left conmmon carotid artery and the innowinate artery, 10 some
patients the monber of branch vessels may be one, more commeoendy two and in some
cases four, five or even six. Moreover, the spacing and angular orientation betwees the
tributary vessels are vartable from person to person.

{0007] Stll vet, placing stents/grafts within the aortic arch presents additional
challenges. The arch region of the aorta s subjeet to very high blood flow and pressures
which make #t difficult to position a stent graft without stopping the heart and placing the
patient on cardiopulmonary bypass. Moreover, even if the stent graft is able to be

propetly placed, 1t must be secured 1n 3 manner to endare the constant high blood flow,

b



WO 2008/098255 PCT/US2008/053615

pressures, and shear forces it 1s subjected (o over time in order to provent it from
migrating ot feaking. Additionally, the aorta undergoes relatively significant changes {of
about T} tn 1is diameter due to vasodilation and vasorestraction. As such, if an aortic
avch graft i1s not able to expand and contract to acconunodate sach changes, there nay be
an insufficient seal between the graft and the aortie wall, subjecting it to a visk of
migration and/or leakage.

{0008] In order to achieve alignment of a side branch stent or a lateral opening of the
main stent with a branch vessel, a custom stent designed and manufactured acconding to
cach pattent’s unique geometrical constraints would be requived. The measurements
required fo create a custom manufactured stent o fit the patient’s unique vascular
avatomy could be obtained using spiral wmography, computed tomography (CT),
fuoroscopy, or other vaseuwlar imaging svstemn. However, while such measarements and
the associated manufacture of such a custom sterd coukd be accomplished, # would be
time consuming and expensive, Furthermore, for those patients who require immediate
intervention involving the use of a stent, such a custonnzed stent 1s impractical. In these
siteations it would be highly desirable {o have a stent which is capable of adjustability i
site while bemg placed. B woudd likewise be hughly desirable to have the degree of
adjustability sutficient to allow for a discrete number of sfents fo be manufactured in
advance and available to accommedate the required range of sizes and configurations
encountered.

{0009} Another disadvantage of conventional stents and stent grafs is the Bmutations
w adjusting the position of or subsequently retrieving the stent or stent-graft once it has
been deploved. Often, while the stent is being deployed, the final location of the
debivered stent 18 determined not to be optimal for achieving the desired therapeatic
effect. During deployment of self~expanding stents, the mode of deployment is either to
pash the stent out of & delivery catheter, or more commonly o retract an owter sheath
while holding the stent in a fixed location relative to the vasculature. In either case the
distal end of the stent s not attached to the catheter and, as such, is able to frecly expand
to its maximom dizmeter and seal with the surrounding artery wall, Wiale this self-
expanding capability is advantageous wn deploying the stent, 1t presents the vser with a
disadvaniage when dosiving to remove or reposition the stent. Some designs utilize g
trigger wire(s) to retain the distal end of the steot selectively until such time as full
deploviment is desired and accomplished by releasing the “trigger”™ wire or tether wire(s).

The limitation of this design is the lack of ability 1o reduce the drameter of the entive
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length of stent. The sigmificance of not be able to reduce the diameter of the stent while
positioniag it is that the bleed flow is occluded by the fully expanded main body of the
stent cven though its distal end is beld from opening.

{8018} Another disadvantage of conventional stent-grafis 1s the temporary disruption
it blood flow through the vessel. In the case of balloon deplovable stents and stent-
grafls, expanston of the balloon itself while deploving the stent or stent-graft causes
disruption of blood flow through the vessel. Morcover, 1n certain applications, a scparate
balloon is used at & location distal to the distal end of the stemt delivery catheter to
actively block blood flow while the stent is being placed. In the case of self-expanding
stent-grafis, the nusplacement of a stent graft may be due to disruption of the arterial flow
during deployment, requuring the placement of an additional stent-graft in an overlapping
fashion to complete the repair of the vessel. Even without disruptions n flow, the strong
momentum of the arterial blood flow can cause a partially opened stent-graft to be pushed
downstream by the high-pressure pulsaule mmpact force of the blood entening the partially
deployed stent graft.

{0811} Attempts have been made fo addeess some of the above-described
disadvantages of conventional stents and stent grafis. For example, TS, Patenmt No.

6,099 548 discloses the use of strings passed through and attached to the distal end of the
stent which is iserted through a fisst opening in the vascudature. The string cnds are then
passed throagh a second opening in the vascudatare sach that they can be palled, thereby
moving the stent within the vasculature. While the use of attached strings provides some
additional controf of the stent’s placement, one skilled in the art can appreaiate that
passing strings from within the vascolature through a second opening presents procedural
difficeltics. Morcover, if is advantageous to the welfare of the patient to mimimize the
number of surgical openings when performing any procedue.

{06121  With the himitations of current stent grafis and stent graft placement
technologies, there is clearly a need for an improved means and method for implanting a
stent or graft and for treating vascular discase and conditions affecting inferconnecting

vessels (Le., vascalar trees) which address the drawbacks of the priov art.

Summary of the Invention
{0013} The present invention provides maplantable devices, and systems and methods

tor deploving the implantable devices within the body.
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{014} The mmplant sites addressable by the subject devices may be any wbular or
hollow tissue lumen or organ; however, the most tvpical implant sites are vascular
structures, particularly the aorta. Thas, devices of the mvention are constructed such that
they can address plant sites ovolving two or more intersecting tubular structures and,
as such, are particalarly suitable in the context of treating vaseular trees such as the aortie
arch and the infrarcnal aorta. A< such, the implantable devices penerally inchede a tubidar
member or fomen, most typically in the form of a stent, a grafi ov a stent graft, where the
devices may forther include one or more branching or wansverse tubular members or
tamens laterally extending from the main or primary twbudar wember,

{6015] The devices and their lumens are formed by mterconnected celis where the
cells ave defined by struts which are preferably made of an clastic or superelastic material
such that changes and adjustiments can be made to vartous dimensions, orientations and
shapes of the deviee lumens. As such, another feature of the present nvention involves
the reduction or expansion of g dimension, ¢.g., diameter and length, of one or more the
device lumens. Typically, a change in one dimension is dependent upon or results in an
opposite change in another dimension, Lo, when the diameter of the stent lomoen i
reduced, the length of the stent increases, and visa versa. The material consteact of the
devices further cnables the one or mure side branch hunens of the devices to be
positioned at any appropriate location along the length of the main lamen and at any
angle with respect to the longiudinal axis of the main fumen. Where there are two or
mare side branch humens, the hunens may be spaced axially and circomferentially angled
relative to cach other to accommodate the target vascelature nto which the implant is 1o
be placed.

{0016} The systems of the present invention are particelarly saitable for delivering
and deploying the subject stent, graft or stent graft devices within a vessel or tubular
structwre within the body, particularly where the implant site involves two or more
wmterconneeting vessels. I general, the delivery and deplovment systems of the presat
mvention enables independent control of cach hunenal end of an implantable device,
where “control” may fnvolve one or move acts of delivering, positioming, placing,
lengthening, foreshorterung, expanding, and reducing a dimension of the device. The
systems forther mchude means for partially and’or fully deployving the tmplantable devices
as well as reposttioning the devices subscguent fo at feast partial deployment within the

vasculature.
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{0817} Swuch independent control and deplovment capabilitics are provided by the
utthization of af least one clement or member associated with the delivery system and
refeasably attached to cach fumenal end. Each member is mdependentty manipulatable
refative to the other releasably attached members. &s such, cach lomenal end of the
implantable device may be mdivideally and independently deploved as desired, where
some or all of the lamenal ends may be simultancously deploved or they may be serially
deployed in any order that best facilitates the inplantation procedure.

{0018} In one vanation, the clements include a collection of clongated members used
to deploy the smplantable devices where the elongated clemonts may take any suitable
form ncluding but not linnted to strings, lines, filaments, fibers, wires, stranded cables,
tehings, ete. where at least one clongated member is refeasably attached to one, some or
all of the lumenal ends of the implantable device. In one parbaudar embodiment, a
collection of strings is emploved where a single string s provided for and wsed to control
cach of the proximal and distal ends of the main lumen and for cach side branch lumen of
the implantable device. In another embodiment, a set of strings is used for cach lumenal
ead, where cach set includes one string per apox of the device ends. The subject delivery
systems mnclude means for selectively tensioning or pulling each of the single or phirality
of attachment strings or clongate members whereby the implantable deviee is selectively
deployable by releasing the tension on the attachment strings.

{0019} In sl other embodiments, something other than a string{s} or clongated
member{s) s used to control and refain at least one of the hunenal ends. In one particular
enbodisent, the retention mechanism comprises a sot of extensions, such as pins or
hooks, extending from the distal end of a catheter or guidewire be assoctated with the
debivery system. The extenstons are used @ engage the apices of a lumenal end ina
releasable fashion fo retain that lumenal end 10 an undeploved state. The extension
members may be used 1n compunction with a receptacte or the ke which recerves the ends
of the members when the apices are “captured” by the retention.

{0028 There may be other means equally suitable for sclective deplovment of the
implantable devices beyond the use of detachable crings. For examiple, sinular to the use
of detachable coils used in aneurvem repair, a carrent may be used (o erode by
cleetrolysis the connection point to the stent eads fo facilitate a controlled release and
deployiment of the stent. Other ocans of releasable attachment which may be cmployed
with the delivery systems to deploy the sehject devices include but are not imited to

thermal energy, magnetic means, chemical means, mechantcal means or any other

&



WO 2008/098255 PCT/US2008/053615

comtrollable detachment means. Irrespective of the tvpe of deploviment techniques wsed,
selective deployment allows the implantable device to be partially deployable or
deployable m ncrements or sections, where the implant may be entirely or partially
exposed from the delivery system without being fully released/deployed at the implant
site.

{8021}  The implant delivery and deployment system in one embodiment includes a
series of guidewires, a distal catheter portion and a proximal handle portion where the
implantable device s loaded withm the catheter portion prior to delivery 1o the target site.
At least the catheter portion of the system s tracked over the ong or more guidewires
which divect and position the stent or stent-graft and cach of its branches within theiwr
respective targeted vessels selected for implantation. Various controls are provided for
the selective tensioning and release of the implant’s luminal ends, where the controls may
be Incated on the handle portion, the catheter portion or both. In a preferred embodiment,
the catheter portion and/or the delivery gmdewiies are articulatable at their distal ends 1o
facilitate navigaton through the vascolature,

{0822} One embodiment of the system inchudes an articddating delivery guidowire or
guiding catheter. The articulating giadewire nray have one or more articulation points to
allow an operator to change the shape of the distal portion of the guidewire by
manipudation of the proximal portion of the guidewire. The guidewire can be
preconfigured to change from a straight configuration into a range of various preselected
shapes brought about by controlling individual articulation poinds durimg manipulation of
the proximal portion of the guidewire. In this way, a guidewire may be produced to
unique specifications for aceess to distinet areas of the vasadature. For example, this
may be of particular importance i locating the implant within a region that requares an
“§" shaped path from entry point to implant target site. Introduction of a guidewire
through a femoral artery access point feading to an implant target in the innonunate artery
exenmydifics one instance of a potentially difficult °S” shaped navigation pathway where
such an articulating guidewire may be advantageous.

{0023]  The methods of the present invention involve deploying the implantable
device where certain of the methods involve the use of the subject systems, Methods for
manufacturing the implantable devices are also provided.

{0024} Ancther oljective of the invention is to provide a mcthod of stont deployaent

which does not cause temporary occlusion of the vessel into which stent is to be placed.

~3
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{0825} Another objective of the rvention 1s to provide a method of stent deplovment
using gwidewires and an associated delivery system which enter the vasculature from a
single access location.

[8026] An advantage of the stent dehvery system of the present invention 1 that i
does not require the use of space-occupying stylets and balloon catheters.

{8027} Another advantage of the subject system is that # allows for adjustment of the
posttion or placement, as well as removal, of a stent during and after deployment thereof,
{0028}  The present wrvention 15 additionally advantageous in that it provides a user
with the ability to deploy a stent, 0 evahuaie the saitabibity of the resudung deployment
using standard imaging. such as by use of radiographuc dye and fluoroscopy or any other
imaging system, to check for endoleak between the covered stent wall and the
surrounding arterial wall and to detach the stent from the debivery system apon adequate
stent deployment or, in the case of an inadeguate deployment, o cither relocate the stent
to a new location and obtain a satisfactory result by controlling the delivery and
detachment of the stent in a repeatable manner, or to remove the stent entirely.

{0829} The prosent mvention is additionally adeaniageous in that it secures the stent
from migration within the vasculature by integrating the cells of the side branch lumen
into the cells of the main body lumen such that, when the side branch lumens are
deployed within their branch vessels, the nain body lumen is constrained from nugration
by a “lock and keyv™ mechanism. More specifically, the interconnection of the side branch
humen to the main body hunen is accomplisbed by forming the side branch lumes and the
main body furen from the same single wire where a specific wire wrap pattern is used to
form a hinking mesh o begrate the side branch lomen with the main hunen. Ths, when
the side branch is deploved within and held in place by the side branch artery, the mam
body of the stent eannot migrate. Moreover, such a “passive” anchoring mechanism is
atraumatic, as opposed to an active anchoring means, such as barbs or hooks, which may
damage the cellolar stractares of the implant site leading to smooth nuscle profiferation,
restenosis, and other vascular complications.

j0030]  These and other objects, advantages, and features of the invention will become
apparent to those persons skilled n the art upon reading the details of the invention as

more fully described below.
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Brief Description of the Drawings
{0631} The invention is best understood from the following detailed description when
read in conpmction with the accompanyving drawings. 1t is emphasized that, according to
common practice, the various featwres of the drawings are not to-scale. On the contrary,
the dimensions of the various features are arbitranly expanded or reduced for clanity.
Also for purposes of elarity, certain features of the mvention may not be depicted in some
of the drawings. Included in the drawings are the following figures:
{o832] Fig. 1A tustrates an embodiment of an implant of the present invention i a
nanal, deploved state. Fig, 1B illustrates another embodiment of an implant of the
present invention in a natwal, deployed state.  Fig. 1€ iHustrates another embodiment of
aw implant in which the side bravnch humens ave angled. Fig. 1D flustrates an end view of
the mmplant of Fig. 1€, Fig. 1E Hastrates another embodiment of an implant of the
preseat invention baving a cardiac valve operatively coupled to 1t
{00331 Fug 2A 15 a perspective view of a sysiem of the present invention for
delivering and deploymg the implants of the present invention within a tubular tissue
structute within the body. Fig. 2B is an enlarged perspective view of the portion of the
system of Fig. 2A inchsding a side branch control and catheter bubs.
{0634} Figs. 3A and 3B arc stde views of the side branch control and catheter hubs of
the system of Figs, 2A and 2B m open and closed configurations, respectively.
{0035} Fig. 4 15 a side view of the handle portions of the system of Fig. 2A.
{0836} Fig. 5A is a side view of the distal end of the delivery and deployvinent system
of the present imvention with an implantable device of the present fnvention shown
partially deploved from the inplantation system. Fig. 5B shows a top view of the system
and implantable device of Fig. SA. Fig. 5C shoves a longitudinal cross-sectional view of
Fig. 5B
{0037} Fig. 6A 15 a cross-sectional view taken along Hne A-A of Fig. 3C. Fig. 6Bsa
cross-sectional view taken along line B-B of Fig. 3C. Fig. 6C is longitudinal cross-
scctional view of the catheter tip portion of the delivery and deployment systers of Fig.
5C
{0038} Figs. TA, 7B and 7C are cross-sectional views of possible embodiments of
side branch catheters of the present fnvention.
{0039} Figs. 8A-8H iustrate vartous steps of a method of the present mvention for
delivering a stent of the present invention using an implantation system of the present

mvention,

9
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{06401 Fig. 9 ilustratos another cmbodiment of handle portion of the debivery and
deployviment system of the present invention.

{0041} Fig. 10A llustrates a side view of an cbodiment of an inner member of the
catheter portion of the delivery and deployment system of the present invention. Fig. 1B
iHlustrates a cross-sectional view of the inner member of Fig. 10A taken along the line B-
B ot Fig. 10A. Fig. 1GC tllustrates a cross-sectional view of the inner member of Fig. 10
taken along the hne C-C of Fig. 10A.

{0042} Fig 11 dlustoates the partial deployment of the implant of Fig. 1E within the
aorhc root.

[0843]  Figs. 12A~12F dlustrate various steps of another method of the present
ivention for delivering a stent of the present mvention using an tmplantation system of
the present mvention,

{0044} Figs. 13A-13C iHlustrate vartous exemplary mandrel designs for fabricating the
stents and stond grafis of the present mvantion.

{0045] Fig. 14 iHustrates an exemplary wire winding pattern to form a stent of the
prosent invention.

{146} Fig. 15 illustrates one manner of grafting a stent of the present mvention.
{80471 Fig 16 dlustrates a longitudinal cross-sectional view of the distal end of
ancther debivery and deployment system of the present invention with an Implantable
device of the present invention shown partially deploved from the implantation system.
[0048]  Fup 17 Hlustrates a perspective view of anather delivering and deploying
system of the present invention,

{0049} Figs. 18A and 188 ave cross-sectional side views of a deployment/ attachment
mechanism at 3 distal end of the system of Fig, 17 having a stent operably aftached and
deployed, respectively.

{0050]  Fig. 1915 a cross-sectional side view of the handle portion of the system of
Fig. 17 in which a spring mechanism is employed to spring-load the
deployment/attachument mcchanism of Figs. 18A and 188,

0031} Figs 20A and 208 are cross-sectional side views of the handle of the system
of Fig. 17 and particularly ithstrate the flushing features of the system.

[0052]  Figs 21A and 218 are side and top views, respectively, of the distal end of a
stecrable side branch catheter of g delivery/deployment system of the preseid imvention

operatively engaged with a side branch umen of a stent of the present invention.
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{0853} Fig, 22 idlustrates use of the steering ability of the side braneh catheter of Figs.
21A and 21B.
[0054]  Fig 23 Hlustrates use of an optional filter wive with the side branch catheter of

Fig. 22.

[B055] Fig. 24A and 24B are side and end views, respectively, of a sheath of a
defivery/deployment system of the present invention having radiopaque markings,
[0836]  Fig. 25 s another sheath of the present mvention having walls remforced with

a braid material

Detatled Description of the Invention
{0057} Before the devices, systems and methods of the present invention are
described, 3t 15 to be understood that dus fnvention is not hmited to particular therapewtic
applications and implant sites described, as such may vary. It s also to be wnderstood
that the termunology used herein 1s for the purpose of deseribing particular embodiments
only, and is not intended to be himiting, since the scope of the present invention will be
limited only by the appended claims.
[0058]  Unless defined otherwise, all techmical and scientific torms used herein have
the same meaning as conwnonly understood by one of ordinary skill in the art to which
this invention belongs. The terms “proximal” and “distal”™ when used to refer to the
delivery and deployvment svsters of the present mvention are o be understood 1o mdicate
positions ot jocations relative fo the user where proximal refers to a position or location
closer to the user and distal refers to a position or location farther away from the user,
When used with reference to the bnplantable devices of the present invention, these terms
are 1o be widersiood to mndicate positions or locations relative to a debivery and
deployment system when the implantable devices is operatively positioned within the
system. As such, proximal refers to a position or location closer to the proximal end of
the delivery and deplovment system and distal vefers to a position or location closer to the
distal end of the delivery and deployment system. The term “mmplant” or “tmplantable
device™ as used herein includes but s not timited to a device comprising a stont,  graft, a
stent-graft or the hke.
[0059]  The present mvention will now be described in greater detail by way of the
following description of exomplary embodiments and variations of the devices, systems
and methods of the present invention. The invention generally inchudes an implantable

device which meludes a tubular member in the form of a stent, a graft or a stent graft,
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where the device may further inchude oac or more branching or transverse tebular
members laterally extending from the mam or primary tubular member. The invention
further mcludes a system for the percutancous, endovascualar delivery and deployment of
the implantable device at a target implant site withun the body. The implant site may be
awy tubolar or bollow tissye fumen or organ; however, the most typical implant sites are
vascular structures, particudarty the aorta. A feabwre of the tnvention is that it addresses
applications nvolving two or more mtersecting fubular structures and, as such, i3
particularly suttable m the context of treating vascular trees such as the aortic arch and the
infrarenal aorta.

Implantable Devices of the Present Invention

{0060 Referring now to the figares and to Figs. 1A and 1B in particular, there are
Hustrated exemplary embodiments of mplantable devices of the present myvention. Each
of the devices has 3 pronary or main tubelar mersber and at feast one laterally extending
tubular branch, however, the implantable devices of the present mvention need not have
side branches.

{a861} Fig. 1A illastrates ong variation of an implantable device 2 baving a primary
tabular portion, body or member 4 and laterally extending side branches 6a, 6b and 6¢,
nfterconnected and in fhaiid communication with main body 4 by way of Iateral openings
within the bedy, The proximal and distal ends of the main tebolay member 4 terminate in
crowns or apexes ¥, the number of which may varv. The distal ends of the side branches
Ha, 6b and He terminate i crowns or apexes 10xa, 10b and 10, respectively, the number of
which nay also vary. Device 2 is partaudarty configured for wuplantation in the aortic
arch where primary tubular member 4 is positionable within the arch walls and tubular
branches fa, 6b and 6 are posttionable within the mnominate arkery, the left common
carotid artery and the left subelavian artery, respectively.

{00621  Aswill be described in greater detaif below, the deplovment or attachment
members of the subject delivery and deplovment systems, are looped through the apexes
10a, 10b and 10c, or through evelets (not shown) extendmyg from the distal ends of the
apexes of the device 2. The attachment members of the present invention may be any
clongated member inclading but not hmited to strings, filaments, fibers, wires, stranded
cahles, tubings or other clongated member which are releasably attachable to the distal
ends of the various fumens of the stent. Means of releasable attachment include but are
not Limited to clectrolviic erosion, thermal energy, magnetic means, chenical means,

mechanical means or any other controliable detachment means.
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{0863} Fig. 1B ilhustrates another variation of a device 12 having a primary tsbular
portion or member {4 and laterally extending branches 16a and 16b, mterconnected and
i fluid communication with mam body 14 by way of lateral openings within the body.
The proximal and distal ends of the mamn tubular mensber 14 teronnate in erowns oy
apexes 18 which are emploved as described above with respect 1o Fig. 1A while the distal
eruds of the side branches 16a and 16b terminate in orowns or apexes 18a and 18h,
respectively. Device 12 1s particularly configured for implantation m the infra-renal aorta
where primary tubular member 14 is positionable within the walls of the aorta and wbular
branches 16a and 16h arve positioned within the nght and lefi renal arteries, respectively,
[0064]  Those skilled in the art will recognize that the subject implants may have any
aumber and configuration of humens {e.g., a single main himen withouwt side branch
hamens, 3 main fumen and one or more side branch lumena} where the one or more side
branch hunens may be positioned at any appropriate location along the length of the main
fumen and at any angle with respect to the longitudinal axis of the main lumen, and where
the there are two or move side branch lumens, the lumens may be spaced maally and
circamierentially angled relative to each other to acconmmodate the target vasculature sto
which the implant is to be placed. Additionally, the length, diameter and shape {e.g.,

radius of curvature) of each of the implant’s hunens nxay vary as needed to acconunodate

vascular ancurysim having a relatively large neek section located near a panckine between
the main vessel and a tributary vessel, it may be preferential to provide a branched sten
where the side branch honens are relatively fonger than average. The lengthier stent
branches can bridge the neck opering while maintaming sufficient length at their distal
ends to extend a distance info a vasaudar side branch sutficient to anchor the stent,

[0065]  Typically, the subject devices for most vascudar applications will have a main
branch humen having an unconstrained length in the range from about T om to about 25
cm and an enconstrained diameter i the range from about 2 mm to about 42 mun; and
side branch hunens having anunconstrained length in the range from about 0.5 cm to
about ¥ em and an unconstrained diameter 1 the range from about 2 mum to about 14 rom.
For aortic applications, the unconstrasned length of the nain honen is typically from
about 8 cm to about 25 o and the unconstramed diameter 15 in the range from about 15
man o about 42 mm; and the side branch lumens will have an unconstrammed length m the
range from about 2 om to about 8 om and an unconstrained diameter in the range from

about 5 mm to about 14 nun. Where the dimension is the diameter of the main himen of
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the stent, the reduced dimmeter 13 more Likoly to be closer to one tenth of the wwrediced
diameter. For renal applications, the main branch humen will have an unconstramed
length in the range from about 2 am to about 20 om and an anconstrained diameter i the
range from about 12 num to about 235 mny and the side branch honens will have an
gnconstrained fength in the range from about 0.5 om to about § em and an wnconstrained
diameter in the range from about 4 num to about 12 mm. For coronary applications, the
main branch humen will bave an unconstrained length in the range from about 1 em o
about 3 om and an unconstrained diameter from about 2 mm to about 3 mm; and the side
branch lamens will have an unconstrained lfength in the range from about .3 cm to abowt
3 cm and an unconstrained diameter in the range from about 2 mm to about 3 sum. For
applications in smaller vessels, such as the neurovascalanure, these dimensions will of
course be smaller. In certmn applications, parteslarly where treating a vascalar
ancuryssat having a relatively large neck section located near a juncture between the main
vessel and a tributary vessel, it may be preferential to provide a branched stent where the
side branch lumens are relatively longer than average. The lengtuer stent branches can
bridge the neck opening while maintaining sufficient length at their distal ends to extend a
distance into a vascular side branch sufficient to anchor the stent.

{066} It is also contemplated that therapeutic or diagnostic components or devices
may be integrated with the subject implants, Such devices may include but are not
limited to prosthetic valves, such as cardiac valves {e.g., an aortic of pulmonary valve)
amd venous valves, sensors to measwre flow, pressure, oxygen concendration, glicose
concentration, cte., clectrical pacing leads, ete. For example, as ilustrated in Fig. 1E, an
implast 210 for treating the aorte root is provide which inclades a mechanical or
biological prosthetic valve 216 emploved at a distal end of the main lumen 212, Device
216 further includes two smaller. generally opposing side branch fumens 214a and 214b
adjustably aligned for placement within the night and left coronary ostia, respectively.
The length of the stent graft may be selected o extend to a selected distance where i
ferminates at any location prior to, within or subscquent to the aortic arch, ¢.g.. it may
extend into the descending aorta. Any namber of addinonal side branches nuy be
provided for accommuodating the gortic arch branch vessels.

[0067]  Those skifled in the art will appreciate that any suitable stent or graft
configuration may be provided fo treat other applications at other vascular locations at ot
near the intersection of two or more vessels {e.g., hifurcated, sifurcated, quadrificated,

ete.} inclading, but not fimited to, the aorto-liac junction, the fororal-popiteal junction,
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the brachycephalic arteries, the posterior spinal arteries, coronary bifiweations, the carotid
arferies, the supenior and inferior mesenteric arteries, general bowel and stomach arteries,
cranial artories and neurovascular bifurcations.

[8068]  The stents and grafts of the present invention may he made of any suitable
materials known n the art. Preferably, the stent is constructed of wire, althoagh any
suitable material may be substituted. The wire stent should be elastically compliant, for
example, the stent may be made of stainless steel, elgiloy, tungsten, platinum or mitinol
but any other suttable matenials may be used mstead of or In addition 1o these conwonly
used matenials,

{60691  The stents may have any suitable wire form pattern or may be cut from a tube
or flat sheet. In one embodiment, the entive stent structure is fabricated from a single wire
woven into a pattern of interconnected cells forming, for example, a closed chain hink
cordiguration, The stractare nway have a straight cvlindrical configuration, a corved
tubular configuration, a tapered hollow configuration, have asymmetrical cell sizes, ez,
cell size may vary along the length or about the circumference of the stent. In certain
stent embodiments, the cell size of the side branches hamens is gradually reduced in the
distal dircction. This finther facilitates the ability to selectively streteh the distalmost
portion of the side branch hunens and, thus, making it easier for a physician to guide the
distal end of the side branch into a designated vessel, The eads of the main stent lumen
anddor the end of one or more side branch stent fumens may be flared. The steats of the
stertt {i.e., the clementad portions that form a cell) may vary in dimoeter (In wire
embodiments) or thickness or width {in sheet and cut tube embodiments).

{76} I one particular embodiment, the stent is configured from a single-wire. The
single-wire stent configuration is advantageous i that through selective interlacing of the
connection points along the length of the stent, it provides for adjustability in the angular
orientation of the side branch stents relative to cach other and relative to the mai stent
hamen within a selected range that can accommodate any possible variation & the
anatomy being treated. Such angular ortentation of the side branch humens may be axial,
civeamferential or both,

{007 1] Fig. 1C Hustrates an implant device 20 in which side branch hunens 24 and
26 each has an angular onentation, defined by angle a, with respect 1o main lumen 22,
and have an angwdar orientation, defined by angle B, with respect to cach other. Fig. 1D is

an end view of moplant device 20 which iBustrates the circumierential orientation, defined
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by angle 0, between side branch hamens 22 and 24, Typical ranges of the various angles
are as follows: from about 107 to about 1707 for angle o, from §° to about 1707 for angle
B, and from 0° 10 360° for angle 6. These onentations may be provided by the fabrication
process vesulting b a stent which has nanwally blased orientations 1n an uynconstrained,
pre-deployed condition, Le., the noutral state. One or more of these orientations may be
selectively adjusted within the angle ranges provided above upon delivery and placement
of the branch hurens within the respective vessel tumens. This design also allows for
adjustability in the Hinear spacing between the side branch stents by stretehing andior
foreshortering of the nwain lumen of the stent. Further, the side branch portions can be
clongated to allow for placement of an oversized stent m a smaller branch vessel thereby
providing adequate apposition between the stent and the vessel wall. It should be noted
that the adjustability of the stent does not compronuse the radial force needed to fixate or
anchor and prevent migration and endoleak of the device.

072} The subject devices may also be fabricated such that thetr humens may have
constant or vanable stiffoess/flegbility along their lengths as well as abowt thewr
circamicrences. Greater flexibility can better acconunadate curvaccous vasaudature
encountered during delivery and at the maplant site. Such a featwre is highly beneficial in
gortic arch stenting apphcations due to the relatively “tght” curve of the arch. Enbanced
stitfness, on the other hand, particdarly at the end portions of a tamen, imparts a greater
radial foree thereby resisting nugration of the device withim the vasculature after
placement. Variable flexilnlity/stiffness nay be topleniented m a vanety of ways.
{6073} The gauge or thickness of the strut or struts {Le., the clemental portions that
form a stent cell) used to fabricate the devices may vary where thicker ganges bopart
preatey stiffness and thinner gauges impart greater flexibility. The stadts of a stent may
vary in diametor {in wire embodiments) or thickness or width (in sheet and cut tube

embodiments}. In one variation, a single wire or filament may be used where the gauge
selectively varies along its length. The thicker gauge portions are used to form at least
the end portions of the stent lumen{s) to increase their mdal foree thereby reducing the
risk of stent migration. Conversely, the narrower gauge portion(s) of the wire form at
{east a contrad portion of the main slent humen (and portions of the side branch lumens)
which may be relatrvely more flexible than the end portions to facilitate delivery of the
stent within tortuous or curving vasculature or enabhing the device to be compact into the

delivery sheath more casily, For aortic stenting applications, this mayv be accomplished
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by a wire having o8¢ to hvo contimetor pottions af cach of its ends having a larger
diameter than the romaining central portion. Another example of selectively reducing the
wire cross sectional diameter is to make the struts of the side branch stents smaller in
diameter.

{0074} in other embodiments, more than one wire 15 used where the wires cach have
constant gauges along thetr respective fengths but differ from wire to wire, Larger gauge
wire{s) may be used to form the stent ends or other arcas where increased stiffhess is
required while narrower gauge wire(s) may be used 1o form other portions, e.g., the
central portions of the stent lamens, where increased flexibility is required. Addittonally
oy alternatively, the larger sauge wire can be selectively doubled-over or wrapped with
the narrow gauge wire at selected pomts or locations about the stent to bolster the
stiffness at those parpeular sites.

{0875} in one variation, two or more wires may be employed fo form the deviee
whereby the wire ends, L., four wire ends in the case of o device made from two wiies,
are joined together. The location(s) about the tumen s at which the wires cross-cach
andfor at which their cads are joined about 1s/are selected to minimize stiffness in cortain
arcas along or abowt the lumen andior to enhance stiffness in one or more other arcas of
the device, Le., to provide relative stitfhess and flexibility between portions of the stent.
For example, in aortic arch applications, the portion of the main lumen of the stent
mtended to be aligned along the inferior wall of the arch is preferentially refatively more
flexible and/or less stiff than the portion of the stent ntended to be alipned along the
superior wall of the arch, as the inferior wall has a tighter radios of curvature.
Accordingly, it may be desirable to minmimize the joinder andfor intersection pomnts of the
wires along this portion of the stent.

{6976} It may also be desirable o provide greater stiffness at the pmcture between
the mam omen and side branch fwmens. Aortie ancarysms, and particularly aneurysms
located at the intersection of the aortic arch and one or more of its ributary vessels, can
result in relatively large volumes of not-so-defined perimeters, 1o, “sacks”, within the
vasculature, Without a vessel wall agmnst which to buttress #self, a stent juncture may
be more susceptible to kinking. Stiffening the stent’s junctore points can prevent such
kinking.

{0077} Co-pending U.S. Patent Apphication Serial No. 11/839.478 filed October 6,
2006 and another ULS. Patent Application (having Attorney Docket No. DURKEPZ01101)

filed contemporancously herewith, both eatitled Vascular Implants and Methods of
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Fabricating the Same and mncorporated herein by reference, disclose stont devices haviag
many of the features for selectively enhancing the stiffness and flexibility properties
deseribed above.

{0078} As mentioned above, the implantable devices of the present invention may
imchsde a stent or a graft or a combination of the two, referred to as a stent graft, a stented
grafl or a grafted stent, The graft portion of 3 steat graft may be made from 3 fexdile,
polymer, latex, sibcone latex, polyetraflouroethylene, polvethylene, Dacron polyesters,
polyurcthane or other or suitable material such as biclogical tissue. The graft matenal
mast be fexble and durable in order to withstand the offects of mstallation and usage.
One of skail 1n the art would realize that grafts of the subject invention may be formulated
by many different well known methods such as for example, by weaving or formed by
dipping a substrate 1o the desired nwaterial. Exeraplary graft fabrication methods are
disclosed in the conteraporanenusty filed ULS, patent application referenced above.
{0079 Biological tissucs that may be used to form the geaft material (as well as the
stent) include, but are not lmited 1o, extracellular matrices (ECMs), acellolarized wierine
wall, deceliularized sinus cavity liner or membrane, acellular weture membrang,
winbilical cord tissue, decelluarized pericardivm and collagen. Suitable ECM materials
are derived fromm mammalbian hosts sources and include but are not Hmited to small
mtestine submucosa, Hver basement membrane, urinary bladder submucosa, stomach
submatcosa, the deemis, ete. Extracelludar matrices sudtable for use with the present
mvention include mammalian small intestine submucosa {81%), stomach submucosa,
wrinary Badder submucosa (UBS), dernms, or fiver basement membranes derived from
sheep, bovine, porcine or any sudtable mammal.

{00806] Submucosal tissues (ECMs) of warne-blooded vertebrates are asefid in tissue
grafting materials. Submucosal tissue grafl compositions derived from sniall intestine
have been desenbed 1y ULS. Pat. No. 4,902,508 (heretnafier the "308 patent) and US. Pat.
No. 4,956,178 therainafter the '178 patent), and subnwcosal tissue graft compositions
derived from urmary bladder have been desertbed i ULS. Pat. No. 5,554 389 (heremafter
the 389 patent). AH of these (ECMs) composiions are generally comprised of the same
tissue layers and are prepared by the same method, the difference being that the starung
material is small intestine o the one band and urinary bladder on the other, The
procedure detatted in the '308 patend, incorporated by reference in the 389 patent and the
procedure detailed in the '178 patent, includes mechanical abrading steps to remove the

wner lavers of the tissue, ineluding at least the lumenal portion of the tuica mucosa of
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the intestine or bladder, 1.¢., the lamina eputhelialis mucosa (epithelbam) and lamina
propria, as detailed i the "178 patent. Abrasion, peeling, or scraping the mucosa
detanninates the epithelial celly and theitr associated basement membrane, and most of the
lapuna propria, at least to the level of a layer of organized dense comnective tissoe, the
stratum compactom. Thus, the tissue graft matenal (ECOMs) previously recognized as soft
tssue replacement material is devoid of epithelial basement membrane and consists of the
submucosa and stratim compactum.

[0081]  Examples of a typical epsthelium having a basement membrane nclude, but
are not limited o the following: the epitheliam of the skin, intestine, urinary bladder,
esophagus, stomach, cornea, and lver. The epithelial baserment membrane may be n the
form of a thin sheet of extracelalar material contiguous with the basilar aspect of
eptithelial cells. Sheets of aggregated epithelial cells of similar type form an epithehian.
Epithehial celis and their associated epithelial basement membrane mayv be positioned on
the lumenal portion of the tunica mucosa and constitute the miernal surfhce of tubular and
hollow organs and ussues of the body. Connective tissues and the submucosa, for
example, are positioned on the ableminal or deep side of the basement membyrane.
Examples of conpective fissues used to form the ECMs that are positioned on the
abluminal side of the epithehial basement membrane inchude the submucosa of the
mtestine and winary bladder (UBS), and the dermis and saboutancous tissues of the skin.
The submucosa tssue may have a thickness of abowt 80 micrometers, and consists
prisuarily (greater than 98%,) of a celhidar, cosmophilic stamning {(H&E stam) extraceliular
matrix paterial. Occasional blood vessels and spinde cells consistent with fbrocytes may
be scattered randomly throughout the tissee. Typically the material is rinsed with saline
and optionally stored in a frozen hydrated state wntit used.

[0682]  Fluidized UBS, for example, can be prepared in a manner similar to the
preparation of fluidized intestinal submucosa, as deseribed in US. Pat. No. 3,275,826 the
disclosure of which is expressly incorporated herein by reference. The LiBS s
comnunuted by fearing, cutting, prinding, shearing or the like. Grinding the UBS ina
frozen or frecze-dried state 1s preferved although good results can be obtained as well by
subjecting a suspension of subnmicosa pioces 1o treatment 1n a high speed (high shear)
blender and dewatering, if necessary, by centrifuging and decanting excess water.
Additionally, the communuted fluidized tissue can be solubilized by enzymatic digestion

of the bladder submucesa with a protease, such as trypsin or pepsin, or other appropriate
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caevmes for a pertod of time sufficiont to solubilize said tissug and form a sebstannally
homogeneous solution.

{00831  The coating for the stent may be powder forms of UBS. {n one embodiment a
powder form of LIBS s prepared by pulbvertzing urinary bladder submacosa tissue ander
liguid nitrogen to produce particles ranging in size from 0.1 to T, The particulate
composition 1s then byophilized overnight and sterilized to form a solid sobstantially
anhvdrous particulate compostte. Alternatively, a powder form of UBS can be formed
from fhudized UBS by drying the suspensions or solutions of communuted UBS.

{0884} Oiher examples of ECM material suitable for use with the present invention
include but are not limited to fibronectin, fibrin, fibrinogen, collagen, includmng fibriflar
and non-fibrillar collagen, adhesive glycoproteins, proteoglycans, hyaheonan, seereted
protein acidic and rich in cysteme (SPARC), thrombospondins, tenacin, and cell adhesion
miriecules, and matrix metalloprotemase mhibitors.

{0085]  The stent may be processed in such a way as to adhere an ECM covering {or
other material) 1o only the wire, and not extend between wire segments or within the stent
cells. For instance, one could apply energy in the form of a laser beam, cutrent or heat o
the wire stent struchee while the ECM has been put in contact with the underlying
strycture. Just as when cooking meat on 3 hot pan leaves tissue, the ECM could be
applied to the stent in sach a manner.

{0086} Sabseqguent to inpdant of the subject devices, the ECM portion of the implant
is cverdually resorbed by the swvounding tissue, taking on the ccllular characteristics of
the tissuee, ¢.¢., endothelium, smooth mascle, adventicia, into which 3t has been resorbed.
Stilf vet, an BCM scaffolding having a selected configmration may be operatively attached
to a stent or stent graft of the present ivention at a sclected location whereby the ECM
material undergoes subsequent remodeling o native tissue structures at the selected
location. For example, the ECM scaffolding may be positioned at the annulus of a
previously removed natural sovtic valve contigured in such a way as to create the
structural characteristics of aortic valve leaflets and whereby the unplant provides valve
function.

{0087} The subject stents, grafts andfor stent grafts may be coated in ovder to provide
for local dehivery of a therapeutic or pharmaceutical agent to the discase site, Local
delivery requires smaller dosages of therapeutic or pharmaceutical agent delivered to a
concentrated area; in confrast to systemic dosages which requive multiple administrations

ard loss of material before reachinyg the targeted discase site. Any therapeatic material,
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compostion ot drug, may be used inchuding but not bmited to, dexamethasone,
tocopherol, dexamethasone phosphate, aspirin, heparin, coumadin, urokinase,
streprokinase and TPA, or any other suitable theombelyiic substance to prevent
thrombosis at the implant site. Further therapeotie and pharmacological agents inclade
bat are not hnited to tannic acid mimicking dendrimers used as submucosa stabilizing
aanomordants to increase resistance to proteolytic degradation as 3 means {o provent post-
implantational ancurysm development in decellularized natural vascular scaffolds, cell
adhesion peptides, collagen mimetic peptides, hepatocyte growth factor,
probiverative/antimitotic agents, paclitaxel, epidipodophyvllotoxins, antibiotics,
anthracyclines, mitoxantrone, bleomveins, plicamycin, and miomycin, cRzymes,
awtiplatelet agents, non-steroidal agents, heteroaryd acetic acids, gold compounds,
immunosuppressives, angiogenic agents, nitric oxide donors, antisense ohigonucleotides,
cell cyele mtubitors, amd protease mbubitors.

{0088]  For purposcs of agent delivery, the subject stents, grafts andfor stont grafis are
coated with a primer layer onto a surface. The primer layer formulates a reservoir for
contaiming the therapeutic/pharmaceutical agent. The overlapping region between the
primer laver and active ingrediont mav be modified to increase the permeability of the
primer laver o the active ingredient. For example, by applving a common sobven, the
active ingrodient and the surfaee layer mix together and the active ingredient gets
absorbed into the primer laver. 1o addition, the primer layver may also be treated to
produce an uneven or roughened surface. This rough arca eatraps the active mgredient
and enhances the diffusion rate of the ingredient when the stent is serted wnto the
patient’s body. As such, the implant hag the ability to diffuse drugs or other agents at a
controllable rate. Furthermore, one of skill in the art would understand that the subject
nvention may provide a combination of multiple coatings, such as the primer laver may
be divided mto multiple regions, cach containing a different active ngredient.

{0089} The subject implants may also be seeded with cells of any type including stem
cells, to promote angiogencsis between the implant and the artenal walls. Methods bave
meladed applying o porous coating to the device which altows tissue growth into the
nterstices of the implant serface. Other efforts at improving host tissue i growth
capabtity and adhesion of the implant to the host fissue have involved including an
sleetrically charged or ionic material in the tissuc-contacting surface of the device.
{60914 The stent, graft, or stent graft of the present mvention may also include a

SENSOY OF sensors to monttor pressure, flow, velocity, turbidity, and other physiclogical
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parameters as woll as the concentration of a chomical species such as for example,
glucose levelds, pH, sugar, blood oxvgen, ghicose, moisture, radiation, chemical, iong,
enzymatic, and oxvgen. The sensor should be designed to nunimize the nisk of thrombosis
and embolization. Therefore, stowing or stoppage of blood flow at any point within the
hamen must be smnimized. The sensor may be divectly attached to the outer surface or
may be included within a packet or seeured within the material of the stent, graff, or stent
graft of the present invention, The biosensor may further employ a wireless means to
deliver information from the implantation site to an instrument external to the body.
{091} The stent, graft or stent graft may be made of visualization materials or be
configured to include marking clements, which provide an indication of the orientation of
the device to faciliate proper alignment of the stent at the implant site. Any suitable
material capable of parting radio-opacity may be used, incloding, but not hmited to,
bartam sulfate, bismuth trioxide, 1odine, iodide, titaniwm oxide, zirconium oxide, metals
such as gold, platinum, silver, tantalum, niobium, stainless steel, and combinations
thercof. The entire stent or any portion thereof may be made of or marked with a
radiopague material, Lo, the crovns of the steat.

Device Fabrication Methods

{0692} The stent of the present invention may be fabricated in many ways. Qne
method of making the stent is by use of a mandrel device such as the mandrel devices
320, 330 and 340 illostrated in Figs. 13A-13C, respectively, Each of the devices has at
least a main mandred component 322, 332 and 342, respectively, with a plurality of
selectively positioned pinholes 324, 334 and 344, respectively, within which a phaality of
pins (not shown) are selectively positioned, or from which a plarality of pins 15 caused to
extend, As is described in more detat! below, the stent structure 1s formed by selectively
wrapping a wire around the pins. Where the stent 1s to have one or more side branch
hamens, the mandrel device, such as device 340, may be provided with at Jeast one side
mandrel 346 extending substantially transverse to the main mandrel 342, where the
number of side mandrels preferably cormresponds to the munber of stent side branches to
be formed. The mandrel devices may be modular where side branch mandrels of varying
diameters and longths can be detachably assembled to the main mandrel. The
configuration of the man mandrel as well as the side branch mandrel(s) may have any
suitable shape, size, length, diameter, efe. to form the desived stont configuration,
Commonty, the mandrel components have a straight cvlindrical configuration {see Figs.

13A and 13C) having a aniform cross-seotion, but may be comical with varving diameters

22

e



WO 2008/098255 PCT/US2008/053615

alony a length dimension {see Fig. 13B), frashen comical, have an oval cross-section, a
curved shape, ete.

{60931  The pins may be retractable within the mandrel components or are themaselves
removable from and selectively positionable within holes formed n the mandrel
components. Suil vet, the mandret device may be configured to selectively extend and
retract the pins. The mumber of pins and the distance and spacing between them may be
varied to provide a custonuzed pin configuration. This customization enables the
fabrication of stents having varving sizes, lengths, cell sizes, ete. using a limuied namber
of mandrel components. For example, i one variation, the piss are arranged about the
mandrel components i an alternating pattemn such as for example, where four owt of cight
pin holes per row will be filled with pins. Alternatively, a selection of mandrels may be
provided, cach having a enigue pinhole pattern which in turn defines a wmgue stent cell
patiern.

{0094]  To form the stent, a shape memory wire, such as a NITINOL wwe, having a
selected length and diameter are provided. Typically, the leagth of the wire ranges from
about ¥t about 12 fect long, but may be longer f needed or shorter if more practical,
The wire's diametey is typically in the range from about G.001 to about 0.020 inch. Aftar
providing a mandred device having winding pins at the desired points or locations on the
mandrel components, the wirg is wound about the pins in 8 selected divection and in a
selected over-and-under lapping pattem, ¢.g., a zigzag pattern, (o form a serigs of
mterconnected undulated rings resulting in a desired coll pattern

{0095 Ap excrplary wire winding pattern 330 s llustrated in Fig. 14, Starting from
oue end of the main mandrel, the wire 352 is wound around the ping 354 iy a zigzag
pattern back and forth from one end of the main mandrel to the other until the cells of the
main fumen of the stent have been formed. Next, the same wire, still attached to the
mandrel device, is used to form the side branch lumen(s) where the wire 1s wrapped in a
zigzag fashion fom the base of the side branch mandrel to the distally extending end and
back again until all of the cells of the side branch bave been created. Then the wire is
wound about the main mandrel along a path that s at an angle to longitedingl axis of the
man mandrel where the wire is dousbled over itself along certain cell segments 356, It
should be noted that any hamen of the stont may be fabricated first, followed by the
others, or the winding pattern may be such that portions of the various lamens are formed

wfermittently.
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{0096} The mandrel device with the formed wire stent pattern are then heated to a
temperature in the range from about 480°C o about 320 °C and typweally to about 4906°C
for approximately 20 minates, however, this time may be reduced by using a salt bath,
The duration of the heat-setting step is dependent upon the time necessary to shift the
wire material from a Martensitic to an Austenitic phase. The assembly 1s then air cooled
ot placed nto a water bath to quench for 30 seconds or more and then allowed to air dry.
Omnee the stent 15 sufficiently dried, the pins are cither pulled from the mandrel device or
retracted nto the hollow center of the mandrel by an actuation of an nner prece which
projects the ping out thelr respective holes in the outer surface of the mandrel. The stent
with its interconnected hamens can then be removed from the mandeed device
Alternatively, with the mandrel components detached from one another, one of the
hanens, e.g., the main stent hanen, may be formed first followed by formation of a side
branch lumen after attachment of a side mandrel to the main mandrel.

{0097} Optionally, sclected regions of the matn bady or the portions of the wire
fornung the side branch tumen cells may be selectively reduced in diameter by ctehing or
e-polishing 30 as o exert less radial force than that wive portion of the stent that has not
been redaced in wire diameter. One example of a selective reduction of wire diameter in
the main body of the stent is to leave a one to two contimeter circumferential portion on
cach of the proximal and distal ends o allow high radial force at those regions to secure
the stent from migration while the center portion between those high radial force regions
can he reduced in cross sectional wire diameter in order to facilitate stretching the stent
more casily during placement or aflowing it to compact into the dehvery sheath more
castly over a long length. Another example of selectively reducing the wire cross
sectional diameter is to make the struts of the side branch smaller m diameter. This can
be done by selective immersion of the side branch in an acid during nanufacture to
reduce the amount of metal in a partcular region of the stent. Another method to
accomplish the desired result of preferentially reducing side branch longitadinal stiffness
andfor outward radial force of the side branch component is to use an clectropolishing
apparatus. By placing the woven solid wire stent into an electrolyte bath and applying a
voltage potential across an anode-cathode gap, where the stent itself 15 the anode, metal
ions are dissolved into the clectrolytic solution. Alternatively, or subscquently, the
process may be reversed wherein the stent becomes the cathede and the side ranch ot
other selected region of the stent may be electroplated with a simular or different metal in

ionic sohation, for instance gold or platinum, in order to cither change the mechanical
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properties or 1o enhance the radiopacity of the selected region. Those skilled i the ant of
clectroplating and electropolishing will recognize that there are technigues using a
“strike” layer of a sinular material to the substrate i order to eabance the bonding of a
dissimilar material to the substrate. An example would be the use of a pure nicke! strike
laver on top of a nicke! titamany (NITINOL) substrate in order to subsequently bond a
gold or platinum coating to the substrate.

{0098] Another method of making the stent s to cut a thin-walled tubular member,
such as stainless steel tubing, 1o remove portions of the wubing in the desived pattern for
the stent, leaving relatively entouched the portions of the metallic nbing which are to
form the stent. The stent also can be made from other metal alloys such as tantahum,
aickel-ttanium, cobalt-chrontium, ttaniwm, shape memory and superelastic alloys, and
the nobel metals such as gold or platinum.

{0699} In acvordance with the invention, ong of skill in the art would know that
several different methods may be amployed to make the subject stents such as using
different types of lasers; chemical etching: electric discharge machiming; laser cutting a
fiat sheet and rolling it into a ovlinder; all of which are well kaown In the art at this time.
{$100} Where a stent graft 360 is to be formed by the addition of a graft material 362,
such as an ECM. to the subjeot stent 364, any manner of attaching the graft material to the
wire form may be used. In one varlation, the graft matenal is attached by way of a subge
366, As such, one edge 370 of the graft material is stitched fengthwise to the stent frame
along the stents length, where at least one knot 368 s tied at each apex of the stent to
secure an ond of the graft to the stent. Then the graft material is stretch around the
surface of the stent and the opposite edge 372 of the graft is overlapped with the already
attached edpe 370 and independently stitched to the stent frame to provide a leak free
surface against which blood cannot escape. The graft matenial is stretehed to an extent to
match the compliance of the stent so that it does not drape when the stent 1s in the
expanded state. Upon complete attachment of the graft material to the stent, the graft is
dehydrated so that it snuggly shrinks onto the stent frame sumilar to heat shrink tubing

wentdd when heated,

Dehivery and Deplovment Svstems of the Present Invention

[0161]  Reforring now fo Figs. 2A and 2B, there ts shown a system 30 of the present
wvention for unplanting the devices of the present ventton. System 30 mncludes a distal

catheter portion 32 and a proxsmal or handle portion 34, {atheter portion 32 is
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configared for positioning within the vasculatare or other pathway leading to the implant
site, and mchudes various clongated members having a plurality of hunens, many of them
multi-functional, for guwide wire, pult-wire, and fhud passage from one end of the device
to the other. Catheter portion 32 includes a translatable outer sheath 38 having & humen
within which an intermediate member 40 15 recetved. The proximal end of outer sheath 38
is configured with a fitting 30 for coupling to a distal hutb 52 of intermediate portion 40,
Fitting 50 is configured with an internal valve mechanism which fluidly seals the luminal
space between the walls of outer member 38 and intermediate member 40, thereby
preventing leakage of blood therefrom. Fitting 3¢ wmay further mchsde a fush port (not
shown) for evacuation of any residual air as is conumon i catheter preparation. An inaer
member 42 is received and translatable within a homen 138 {see Fig. 6A) of intermediate
member 40 and defines a main body guide wive tomen 44 for translation of a gaide wire
48 therethrough. Inner member 42 terminates at a comcal distal ¢ip 46 which facilitates
forward translation of the device through tortuous vasculature. The outer member,
ntermediate member and inner member tubings {as well as any catheter components
discussed below) may be made from materials used to construct conventional
wnfravascular sheaths and catheters, including bwt not limited to hMocompatible plastics
reinforced with braided materials or any other biocompatible materials which are
substantially flexible,

{0162} The proximal portion 34 of delivery and deployment system 30 inchudes
proximal and distal handle portions 36a, 36b which translate axially with respect to each
other. Tuner member 42 15 fixed to proximal portion 36a of the handle and intermediate
member 40 18 fixed to distal portion 36 of the handle such that axial separation and
extension of the two handle portions relative o cach other controls the amount of
extension and foreshortening wndergone by a stent operatively loaded within the delivery
system, as will be explaned 1 greater detarl below.

{0163} As mentioned above, in ong variation of the present invention, delivery and
deployment of an implant 1s accomplished by the vse of a plurality of designated
attachment lines, strings, wives or fitwments. More particularly, a single string or a set ov
plurality of strings is provided for controlling and veleasably attaching each free end of
the tuplant o the debivery system. Two separate strings or sels of strings are cmploved
o control the main tubular portion of an implantable device—one string or sof of strings
for controlling the distal end and the other for controlling the proximal end of the device.

For cach lateral branch of the implant, an additional string or set of strings is provided.
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The muonber of strings 1n cach set correlates 1o the nember of erowns or comiecting points
provided at the respective ends (1o, at the proximal and distal ends of the main stent
pawtion and at the distal ends of the hranch portions) of the device. Each siring is
iterfooped with a designated crown with both of it ends positioned and controlled at the
handle of the device, where one end of each attachiment string is permanently affixed to
the delivery and deployment system 30 and the other end is releasably attachable to the
delivery and deployment system 30, When operatively loaded within system 30, the
tununal ends of the implant are releasably attached to vanous portons of system 30, For
example, the distal end of the main hunen of the stent 1s releasably attached to nner
member 42, the proximal end of the main hunen of the stent is releasably attached to
itermediate menther 40, and the distal end of cach side branch stent is releasably
attached to a designated side branch catheter 150 (see Fig. 64).

{0104} Figs. 21A and 218 itosirate one arcangement by which a side branch catheter
460 carries, sicers and deploys a stent side branch lomen 468, A single deplovment string
470 originating from a string humen 464a within catheter 460 15 threaded or woven
throughout the apices 474 of side branch stent 468 and exited through another string
lumen 464b within catheter 4640, wheyre both ends of string 470 are retained a proximal
end of the deployment system as discussed above. Control and steerabiuty of side branch
catheter 460 1s accomplished in past by use of side branch guidewire 406, as shown in
Fig. 22, passed theough the catheter’s guidewire lumen 462, The manaer in which string
470 and the holds and secures the distal end of side branch stent 468 o the outside of
catheter 460 also provides controt and steerability. As best iostrated 1 Fig, 22, the
resulting tension placed on the distal end of catheter 460 by the side branch 468 enables
controlled movement and dircetionality of the catheter. For example, translational
movement of catheter 460 along 1 an axial direction 477 results in the back and forth
moverment, Le., moton parallel to or in the same plane with the main stent famen 462, of
the distal end of the catheter, as indicated by arroves 4734, 475b. Conversely, rotational
movement oy torgaing 480 of catheter body 460 results in side-to-side movement, f.¢.,
motion lateral to ov i a plane perpendicolar to the axis of the maiy stent lumen 472, 1e.,
of the distal end of the catheter.

[0168]  Each attachment string or set of attachment strings is controlled, te., ableto be
fixed, released, tonsioned, pulled, tightencd, ctc., by a designated control mechamsm
Accordingly, the number of control mechanisms provided on the ithustrated embodiment

of the sabject system corresponds to the number of attachment string sets; however,
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control of the string sets may be consolidated into a fower number of control mechanisms.
The varwus control mechanisms mav have any suitable configuration and be mounted at
any suitable {ocation on system 30 where one exemplary configuration and {ocation of the
control mechamsms s lustrated in Fig 2A. In partieuar, cach control mechanism
inchsdes a pair of controls in the form of knobs, dials, switches or buttons, for exaniple,
where one control is for lincarly translating, e, pulling, the strings by their fixed ends
through the deplovment system 30 when deploving the implant, and the other control 55
for selectively releasing and fixing the free ends of the strings prior 1o deployment of the
mplant,

[106]  Controls 70a, 70b and 72a, 72b, for controlling the distal and proximal leminal
ends, respectively, of the mmplant, are provided on handle portions 36a and 36b,
respectively. An additional pair of controls for vach set of attachment strings associated
with cach of the implant’s side or lateral branch lumens is provided on a hub releasably
mounted o intermediate member 40 where the collective hubs are serially arranged
between the proximal end 50 of outer sheath 3¥ and the distal end of distal handle portion
36b. For example, for use with mmplant 2 of Fig. 1A having threce branch hunens 6a, 6b
and éc, three hubs 74, 76 and 78 and associated pairs of controls, respectively, are
provided where the most distal pair of controls 74a, 74b controls the attachment strings
for the most distal of the stent branch humens 6a, the second or middle pair of contrals
76a, 70b controls the attachiment strings for the middie stent branch lumen 6b, and the
most proxinal pair of controls 78a, 78b controls the attachment strings for the mast
proximal of the stent branch tumens 6¢.

{0107} Fach patr of controls inclades a fixed-end member 7ia, 723, 7da, 76a and 78a,
here in the form of a knob, to which one set, the fixed set, of ends of the attachment
strings is permanently anchored but which iself 1s removable from the respective handie
portion or heb in order to manually pall the stnings thevethrough. This control maintains a
constant tension on the attachment strings and keeping the implant resteained within the
delivery system while the delivery system is being articulated through the vaseulature.

As best illustrated in Fig. 2B, cach knob is positioned withun a hemostatic valve 80 for

preventing the back flow of fhud, e.g., blood, out of the handle or hub before and after the

-

knob is romoved therefrorn, Each pair of controls also includes a releasable ead mocmber
or clamp 70b, 72b, 74b, 76b and 78b, here in the form of a dial or drive screw, by which
the free ends of the string set are releasably anchored to the respective handle portion or

hob. When ready to deploy a respective luminal end of the implant, the dvive screw is

~
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selectively loosened to allow for release of the tension on the respective steing set. Those
skilled in the axt will appreciate that the relative positioning and arrangement of the
various control mechamisms may vary with the intent of providing an organized,
ergononiically designed profife.

{0108} Referving now to Figs, 2B, 3A and 3B, each side branch controt hub 74, 76
and TR 15 assoctated with 3 distally posttioned side branch catheter hab &4, 86 and 8%,
respectively (only the most proxamally positioned hubs 78 and 88 arve tlustrated n Fig,
2B). Extending between cach pair of hubs 15 a proximal portion 94a, 94b, 9de of side
branch catheters 130a, 150b, 150¢, respectively {sce Fig, 6A), which extends from a
scalable port 110a, 110b, 110c¢ (sce Fig. 2B} at the back end of each control hub 74, 76
and 78 to a distal end and through respective side branch catheter humens 148 within
intermediate montber 40 (see Fig. 64A). Within each side branch catheter 150a, 150b,
130¢ 15 a side branch guide wire lumen 152a, 152h, 132¢ (see Fig. 6A). Port 1i0a, 110b,
110¢ allows for the entry and passage of a side branch guide wire 1549, 154b, 154¢ (see
Fig. 6A} through a respective side branch gunde wive tumen 132, One or both of the side
branch catheter and side branch guidewire may be deflectable. Each of the control hobs
74, 76 and 78 arc shdably engaged with intermediate member 40, The wndersides of the
controd habs have caff 96, a partial ring configuration or the fike. such that hubs are fully
refeasable from mtermediate member 40 as well as shidable thereon. As mentioned
above, cach of the side branch steat hanens s releasably coupled to the distal end of side
branch catheter 130a, 1530b, 150¢ by way of a designated attachment string or set of
attachment strings. Regardless of the velative position between the side branch control
fshs 74, 76, 78 and the associated side branch catheter habs 84, 86, 8%, the attachment
string sets are held in complete tension in both configurations Hlustrated in Figs. 3A and
3B until they are released by their respective control knobs 7db, 76b. and 78b. When the
control hubs are in a distal or close position relative to the catheter hubs, as Hustrated 1n
Figs. 2A and 3B, where the proximal portion 94a, 94b, 94¢ of side branch catheter 1504,
180k, 150¢ 15 fully roccived withun the associated catheter hub, the side branch stents are
held 11 a parpally deploved state. In the partally deploved state, the side branch stents
are held stretched, with tension being applied by the distal end of the respective extended
sige branch catheter 94g, 94h, Ydc removably attached to the distal end of the stretched
side branch stent apices or connection points by the side branch catheters’ respoctive
string ot string set. The tension heing applied fo the distal end of cach side branch stent is

transterred throvugh the side branch stent thereby clongating its length while
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stmuliancously redocing the dimmeter. This allows for the positioning of a larger stont
diameter within a smaller diameter side branch vessel. This partially deploved state, e,
where the side branch stent dimmeter is smaller than the side branch vessel inte which it s
hemng placed, also allows for the flow of blood around the 1mplant as well as doough #
therehy allowing perfusion of downstream vessels and organs during placement. It is
preferential to have blood continue o flow through intersecting side branch vessels
during the procedure in order to avoid ischemia to the effected downstream organs. The
side branch stent is stretched by the extension of the side branch catheter which 1s
releasably attached to the crowns of the distal end of the side branch stent. The stretching
of the side branch stent enables its subsequent placement within an undersized, targeted
side branch vessel. Typically, the diameter of a side branch stent in its natural,
gnconstrained state 15 aboot 3% to aboat 505 greater than the diameter of the side branch
vessel mto which it 1s o be placed. Conversely, when the control habs are in a proovumal
ot retracted position, as ilustrated 1o Figs. 2B and 3A, cach side branch stent is held ma
deployed or unstretched condition.

{0109} The side branch catheters 1503, 150h, 150c¢ slidably extend at their proximal
ends 94a, 94b, 94e through respective side branch catheter hubs 84, 86, 88 and a
hemostatic valve 92a, 92b, 92¢ positioned at the back end of the catheter hub. Each side
branch control s 74, 76, 78 has a heer fitting 118a, 1180, 110 (where ondy 110c is
shown) which allows a hemostatie valve {not shown) to be applied. The hemostatic valve
may be a ¥ arm adapter or a Toughy-Borst adapter which allows the sealed mtroduction
of a surdewire. The Y anm luer fting allows for clearing the guidewire lumen of air by
flashing the catheter with saline prior to nserting the catheter o the body. At
subscquent stages of the procedure, this lumen may be used o introduce radiographic dye
in order to visualize blood flow through the side branch arteries.

{0110 A main body port 76, as lustrated in Fig. 4, located on the back end of
proximal handle portion 36a 1s in floxd commenication with a guide wire humen 44 which
externds through a central lunten 138 (sec Figs. 6A and 6B) withia intermediate member
41, Guide wire lamen 44 provides for the passage and translation of a primary geide wire
48 which is used to divect and guide distal portion 32 of the system o a target implant site
withint the vasculature as well as to facthitate the positioning and toplantation of the distal
end of the primary lumen of the implantable device. The main body port 76 has a lewr
fitting sinilar to lewr fitting 110 described above with respect 1o the side branch catheter

control ubs.
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{o111} As is further iHestrated in Fig 4, a fover mechanism 36 extending distally and
downwardly from proximal handle portion 36a is provided for steering distal catheter
portion 32 of device 30 through the vasculature into which it is posittoned. This lever
may be replaced by a rotating control knob 193 1y another handle embodiment 194 shown
i Fig. 9. A steering poll-wire, string or filament {not shown)} is fixed to the proximal end
of lever 56 and extends throagh catheter portion 32 where its distal end terminates and is
attached within nose cone 46 of mner member 42, Lever 56 1s pivotally coupled within
handle portion 36a such that when rotated in a downward direction {indicated by arrow
63a of Fig. 43, the steering pull-wire s caused 10 be in a relaxed or slacken state.
Conversely, when lever 36 is rotated upward (indicated by arvow 63b), the steering pull-
wire 1s pulled or tensioned thereby causing the distal tip of inner member 42 and thus the
distal end of device 30, 10 bend. Ay nantber of steering pull-wires may be employed
arud selectively twonstoned fo selectively articulate the distal end of device 30 v awihiple
directions orthogonal to the longitudinal axis of the implantation system. Typically, the
subject deltvery and deployment system will have at least one, and often two to four distal
points of articulation. These articulation poinds may be at one or more distances from the
distal end of the catheter 32 1 order to create compound curves of the distal end of the
catheter.

{0112} The relative positioning and interfacing of the implantable device with the
various catheters, lomens, guidowires, ports and pull-wires of the subject implantation
system will now be described with respect to Figs. SAX6C, 6A and 68, Figs. 5A-5C
Hlustrate an implantable device 120 parially deployed from the distal end 118 of outer
sheath 38, Daplantable device 120 includes a main tuhular body 122 and may inclade one
or more lateral tabular branches 124, At the distal tips of crowns or apexes 126 of main
hody 122 and crowns or apexes 128 of side branch 124 may be eyelet loops 136 for
recetving attachment strings 132 {shown only in Fig. 3C} As is illustrated in Fig. SC,
when operatively loaded within system 30 of Fig, 2A, the main hamen 122 of device 120
is Jongitudinally disposed between outer sheath 38 and mner member 42 and is positioned
distally of the distal end 134 of intermediate member 40,

{0113} To load the implant device into outer sheath 38, the handle controls are set o
streteh the stent by extension of the distal tip 46 of the aner wewber 42 relative (o the
distal end of the titermeediate menber. When proximal and distal handle portions 36z
and 36b are extended from each other, shows i Fig. 8D, the main tumen of the stent is i

a stretched or tensioned condition. Conversely, when proximal and distal handle portions
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36a and 36b are unextended, as shown in Fig. BE, the main honen of the stentis inan
unstretched or untensioned condition. The distal hunenal ends of mner member 42 and
mitermediate member 40 are connection potuts for the string or stvinys which are
refeasably attached to the distal and proximal stent main humen openings 122, As
discussed above, the side branch stent distal honenal end 15 releasably attached to the
distal end of the side branch catheter.

{0114}  Fig. 6A shows a cross-section of a distal portion of implantation system along
the hnes A-A of Fig. 5C, specifically, the cross-sectional view 15 taken at the distal end of
wtermediate member 40, This view shows the nested relationship botween outer member
38, intermediate member 40, inner member 42 which is positioned within central fumen
138 of intermediate member 30, and main guide wire 48 posttioned within a contral gnde
wire lumen 44 of inner niember 40 which extends distally through np 46,

{0115} Inner member 42 4 a very small diameter catheter, for example, in the range
of 3 to 8 French for cardiovascular applications, and bas, in addition {o central guide wire
tumen 44, a plorality of attachment string lumens 140 cireumferentially disposed about
central guide wire fumen 44 which serve (o divect the alignment of the attachment strings
to the conncction points on the distal end of the main stent lamen. Multiple lamens 140
arc located at the distal portion of member 42 and extend along the entire length of the
mner member 42, Lomens 140 may be in compnaoscation with one or more flush ports at
the handle portion of the delivery system whereby saline may be flushed through lumens
140 at a pressure greater than that of the swrrounding blood flow to prevent blood flow
through the device fomens. Lumens 140 may also be used to debver radiopagque contrast
dve used daring flaoroscopically visualized placement of the device. Luamens 140 and the
exit ports 186, deseribed below, allow for visualization of the dyve Howing through the
umplant at various stages of deployment in order to verify that placement of the stent
vields a satisfactory flow pattern and therapeutic result.

{0116} In other embodiments, sach as that luatrated in Figs. 10A, 10B and 10C,
attachnient string humens 140 may extend along only a portion of the length of inner
member 40, e.g, only a few nullimeters distally to proximally. This embodiment i
particufary suttable in the case where only one attachment string is emploved with
multiple stent connection points. Here, the single string cloement exits one of the distal
lumens, 15 passed throagh the stent conncction point, is passed distally to proximatly
through another of the lumens, exiis proximally from that humen and is passed through

another of the lamens distally to proximally and passed through another stent connection
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paint. The mterlacing pattorn continues umtil all stent connection points are laced with
the singuiar string which passes through the multiple circumferential lomens. This
configuration of attachment string lumens which extend ondy a portion of the leagth of the
imer member, may also be employed with the intermediate member 40 and with the side
branch catheters 94a, 94b, Bdc. With respect to an intermediate member employing sach a
string {umen configuration, the proximal portion of intermediate member 40 would be a
single lumen containing the mner member 42 and the shorter circumferential lumens
would contain the side branch catheters as well as the attachment wires for the proximal
end of the mam stent humen. As will be seen from this embodiment and those discussed
below, any combination of facing patterns may be used to attach an mdividual stent end to
the respective catheter to which 1t is attached.

{8117} Referring again to the embodiment Fig. 64, the number of distal attachment
strings lumess 143 is double the number of attachment sinngs 132 where one pair of
adjacent attachment strings lumens 140a, 140b 15 provided for cach distal atachment
string 132, As such, where device 120 1s fully loaded within the deployment system, the
first portion of a distal attachment string 132 resides within lamen 140a and a second or
rein portion of the distal atachment string resides within lumen {40h.

{0118} In addition to attaclunent/deployment string lumens 140 are one or more
steering puli-wite hamens 142, the fimction of which s as described above with respect to
Fig. 4. Typically, one or two pairs of diametrically opposed {1807 apart) steering puldl-
wires are employved to provide oppasing orthogonal deflections of the distal end of the
delivery system. The greater the number of steening pull-wire pairs employed, the greater
the divections of steering in articulating the delivery systen

{0119 o addition to contral tamen 138 through which tnner member 42 13 translated,
infermediate member 40 mchides a plurality of proximal attachment siring  Tumen pairs
146a, 146b where tumen 146a 15 shown situated radially ontward from hanen 146b. The
attachment strings attached to ov threaded through the proximal crowns (ot shown) of
main hanen 122 of device 120 utilize hunens 146, The number of proximal attachment
string hanens 146 is double the mumber of proximal attachment strings where one pair of
attachment string lomens 146a, 146b is provided for cach proximal attachment stnng, 1.e.,
where device 120 1 fully loaded within the delivery and deplovment system, the fixed-
end portion of 3 proximal attachunent string resides within lumen 146a and the distal or

retumn portion of the proximal attachment string resides within lumen 146h,

[}
Ted



WO 2008/098255 PCT/US2008/053615

{0120} In addition to attachment stany lemens 146, mtermediate member 40 also
provides a pluratity of lumens 148, also circumiorentially disposed about contral humen

138 and preferably imnterposcd between pairs of procimal attachment lumens 146, where
one or more of the lumens 148 may be employed to translate and deliver a side branch
catheter 130 {(showy my Fig. 6A without detail). Side branch catheter 150 provides a
central side branch gutde wire fumen 152 for delivering and translating a side branch
guide wire 134, Additional lumens 148 extending from a bandle flush port (not shown)
may be provided for evacuating atr from the delivery system 3. The additional lumens
148 mayv also allow for the rehyvdration of tssue graft coverings or other coverings which
nced to be prepared with solutions and potential therapeutic agents such as
pharmacologics, stem cells, or other agents. This allows the stent graft or other device o
be constrained in the delivery catheter in a dried dehydrated state subsequently packaged,
sterifized, and rehydrated by the fushing and preparing the catheter at the fime of use.
Any unused lumens 148 provide enhanced flexibility of the intermediate member,
particularly where the distal end of the device 1s deflectable at multiple articulation
paints,

[0121]  Figs. 7A, 78 and 7C iflustrate various possible embodinents of side branch
catheters suitable for use with the delivery system of the present invention.  Side branch
catheter 160 of Fig. TA provides 2 contral guide wire lumen 162 and plurality of
attachment string hanens 164 arranged carcemdorentially about central lomen 162,
Lumens 164 are utiized or occupied by the attachusent strings (not shown) which are
tooped or threaded throagh the distal crowns 128 of side branch homen 124 of device 120
{see Fig. SA). The number of side branch attachanent string lumens 164 is double the
mumber of side branch attachment strings where one paiy of attachment string hanens
146a, 146b is provided for cach side branch attachment string, 1.¢., where device 12015
fulty foaded within the mplantation system, the proximal portion of a side branch
attachment string resides within lamen 164a and the distal or retun portion of the side
branch attachiment string resides within lumen 164b,

[0122]  Side branch catheter 170 of Fig. 7B provides an outer member 172 having ¢
central lamen 174 and an inner mentber 176 positioned concentricalty therein. Inner
member 176 also has a central fumen 173 for translating and delivering a side branch
gwide wire {not shown}, Outer member 172 further provides a plurality of side branch
attachment string humens 180 where there is a one-to-one correspondence between the

aember of side branch attachment string lumens 180 and the manber of side branch
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attachment strings {not shown). In this embodiment, the proximal portion of side branch
attachiment strings reside within the space between the mternal diameter of outer member
172 and the external diameter of innier member 176 and after being looped through the
distal attachment evelets, crowns or cells, the distal or retarn portion of the strings pass
through tumens 180 of outer member 172,

{8123}  In another embodiment of side branch catheter 200, shown in Fig. 7C the side
branch catheter can be composed of two coneentrie single lumens.  One single umen
tubing 202 defining an internal dismeter and another single lumen tubing 203 defining an
ontier diameter provides for the side branch attachment strings to be contained within the
space 201 between the internal diameter of the outer tubing 202 and the outer diameter of
the nner tubing 203, The internal diameter of the inner tubing is used o wanslate a
guidewire (not shown) dwough side branch gouidewive tamen 204 which 15 1solated from
the attachment strings as shown n Fig. 7C. Thus lumes configuration may also be
emploved with the intermediate and inner members.

{0124]  Referring to Fig. 6B, there s shown a cross-sectional view taken along lines
B-B of Fig. 5C, specifically through a prosimal end of distal tip 46 where inner member
42 terminates. Distal tip 46 provides the distal portion of guide wire lumen 44 as well as
the distal lumen portions 182 of distal attachment string lumens 140 of mmer member 42
where the plurality of distal lumen portions 182 are axially aligned and have a one-to-one
correspondence with imer member attachment string lamens 140, As such, the same
pairing of adjacent attachment string lumens 182a, 182b s provided for each distal
attachment string 132, f.e., where the fixed-end portion of a distal attachment string 132
resides within humen portion 182a and the releasable or retwrn portion of the distal
attachmend string resides within hamen portion 182b, As is best ilustrated in Fig. 6C,
after passing within lumen portions 1824, the attachment sirings 132 are passed radially
out of distal tip 46 through designated proximal side ports 184, The attachment strings
are then looped or threaded arcund eyelets 130 or crowns or apices 126 or through the
very distal cells of main lumen 122, and threaded back through the designated side port
184 of distal tip 46 whereby they re-enter respective fumen portions 182 and respective
attachment string lomens 140, As such, for every pair of attachment string hunens, there
arc half as many side ports 184, 1.¢., there 1s 3 one-to-one correspondence between the
mpmber of attachment strings 132 and the number of distal tip side ports 184, Distal tip
46 also provides for distal side ports 186 to facilitate the loading of sirings during

assembly of the mmplant to the dehiver system.
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{0125] Fig. 16 dlustrates a deployvment system of the present mvention i which only
a single string 135 15 used o retain and deploy the distal end {forward facing end} of
implantable device 120, The basic components of the system are cormaparable to those
idenufied and described with respect to Figs. SA-3C where like vefevence numbers refer
to similar components. Sinstlar to the manner described with respeet to Figs. 10A-10C
above, the singudar attachment/-deplovment string 135 15 passed through a designated
tumen {not shown) within gaide wire catheter 42 and passed radially out of distal tip 46
through a designated proximal side port 184, The attachment/deplovment string 13518
then looped or threaded through cach of evelets 130 (or throagh crovwns or apiees 126 or
through the very distal cells of many lumen 122}, and threaded back through another
designated side port 184 of distal up 46 whereby it re~enters the string humen. The string
extends through the system to the proximal end and is able 1o be fixed, released,
tensioned, pulled, tebtened, ete. by a contrel mechanism as described above. In similar
fashion, additional strings may be used for attachment and deployment of the other
tumenal ends of the implantable device, where cach humenal end is controlled by a
separate string. With fower strings, the complexity of fabwicating and operating the stent
delivery system is greatly reduced. Additionally, the necessary cross-sectional profile
{i.c., drameter) of the systent can be nunimized and. thus, applicable in smaller vessel
applications.

{0126} As mentioned above, the deployment/attachment means of the sebject systoms
are novt Tumited to strings and other tensionable clements, and may include other means.
An example of alternative stent deployment/attachment mcans is provided with the
dehivery system 400 of Fig. 17, System 400 inchsdes a distal catheter portion 402 and 2
proximal or handle portion 404,

{01277 Catheter portion 402 includes outer sheath 408 having one or more hunens
theren and within which an intermediate member 410 1§ translatable there through.
When operatively loaded within delivery svstem 400, the main body of a stent 450
{shown m Fig. 18A) is received between the huninal spacing between ounter sheath 408
and intermediate member 410, Intermediate member 410 defines a lumen through which
an inner member 416 (see Fig. 188) is wanslated and which, in trn, defines a hanen 424
through which the system guidewire 418 1s deliverable. Inner member 416 termunates at
a conical distal tip 420 which facilitates forward transiation of the device through fortaous
vasculatiwe. BExtending from a proximal facing surface of conical tip 420 are extensions

members 422, such as pins or hooks, which extend parallel to the longitadinal axis of the
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system. The distal end 426 of intermediate member 410 may define a receptacle or cup
for receiving ping 422 so as o capture the apices 428 of the distal end of the main stent
lumen 450 when operatively loaded within thereon (see Fig, 18A). The proximal end 412
of outer sheath 408 provides branched haninal ports 412 to receive side branch
guidewires 425 ag well as respective deployment members {e.g., strings) 427 for directing
and deploving the side branch humens of a branched stent {(not shown). The strings 427
may be controlied and tensioned by mechanism as described above. Here, two ports 412
are provided for a stent having two side branches, however, more or fewer ports may be
provided to accommadate stent’s having any number of side branches. As with the
embodiments described above, internal valve mechanisms may be provided to fluidly seal
the taminal ports 412, therchy preventing leakage of blood therefrom.

{8128}  The proxamal portion 404 of delivery and deployment system 400 inchsdes
handle portion 436 which mayv have proxamal and distal portions which ave axially
tronsiatable axially with respect to cach other, as described above, 10 control the amount
of extension and foreshortening undergone by the main body of a stent operatively loaded
within the delivery svstem. Handle 436 provides a pair of controls including a knob 430
to which ong end of the deployvment/attachment member(s) {e.g., strings) for controlling
the deployment of the proximal end of a stent device is permanently anchored but which
iselt is removable from the handle to manaally pull the strings there teough, A
hemostatic valve may be incorporated into the handle for preventing the back tlow of
fhnd, .o blood, out of the handle when the knob i removed therefrome The counter
control is provided by dial or drive screw 432, which is used 1o releasably anchor the free
ends of the string or string set to the handle. As described above with respect to the
debivery system of Figs, 2A and 2B, these control members are used w1 fandem to
main{ain a constant tenston on the attachment strings and keeping the anplant restrained
at 1ts proximad end within the debivery system while the delivery system is being
articulated through the vasculatare.

{0129 Figs. 1BA and 188 iHustrate the retention and deploymen, respectively, of a
distal end of a main stent fursen 450 from system 400, As mentioned previously, the
apices 428 or the hke of the stent cells at the distal most end of the stent, when Joaded, are
syached or beld radially imward and are captured by the engagement of pins 422 of inner
member 416 and receptacle 426 of mtermexliate oober 410, as Hustrated in Fig, 18A
The engagement of the pins within the receptacie may be hiased or spring-loaded such

that, by operating a release mechanism, sach as by the depression of a button 434 on
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handle 436, inner member 416 13 caused o advange or spring forward 50 as to retract the
pins 422 from the receptacie and free the stont apices 42¥, as iHlustrated in Fig. 18B. Fig.
19 iflustrates a spring mechanisnt 452 within handle 436 which, when compressed (as
would be the case when the systent is pre-loaded with the stent), bolds inner member 416
i a retracted position. When batton 434 is depressed, spring 452 15 released from us
compressed condition and causes inner member 416 o advance forward thereby releasing
pms 422 from stent apices 428, Alternatively, the system may be configured such that
ntermediate member 410 may be retracted to release the pins from the receptacie 426,
{0136} Any tvpe and combination of deplovmentiattachment members and
mechamisms may be used with the subject stent delivery systems, where cach end of the
stent tumens is controlied by the same type of mechanism, or one or more ends of the
stent furmens may be retained and refeased by one type of mechanisny and one or more of
the nther stent ends may be retamed and released by another type of mechamism.

{0131}  The deployment systems of the present invention may further provide means
for flushing the vartous lumens of the system. In particular, #t Is important to flush the
guidewire hamen in order (o clear i of air prior (o imserting the system into the body. To
this end, as iHustrated 1 Fig. 17, a flush port 438 is provided at the proximal end 442 of
handle 404, Any sowree of Hushing fhud, such as a syringe 440 shown in Fig. 17, may be
ased o nject fuwid within fush port 428, Flush port 438 s in flaid commanication with
guidewire hamen 424 of inner member 416 and is thereby fhashed by the fuid Injected
wito # through port 438, The mjected fluid 1s caused o pass through lamen 424 and
forces air and is tself gected out at the distal end of the lumen, as shown by arrows 443
in Fig. 17, At subsequent stages of the procedure, flash port 428 and lumen 424 may be
used to mtroduce radiographic dyve in order to visualize blood flow through the side
branch arterics. In order to prevent backflow of hoth the flushung flnd and blood that
may enter the system during use, gaskets or one-way valve may used within the system
where suttable to mainiain homostasis. For example, as iflosrated in Fig, 204, a gasket
444 15 eoployed just distally of flush port 438 to prevent feakage through the flush port.
Addmonal gaskets, such as gaskets 446 and 448, may be emploved to provide hemostasis
1 the lumens leading fo controls 434, 432,

{0132} Another optional feature of the present invention is to cmploy side branch
guidewires which also function cinholic protection devices such as those used during
percutancous translununal angioplasty (PTA), percutaneous translununal coronary

angtoplasty (PTCA) and atherectomy procodhres. As shown ia Fig. 23 gudewsne 482 15

38



WO 2008/098255 PCT/US2008/053615

cquipped with a filter mechanism 484 which is positioned at & downstream position
within the side branch artery prior 1 deplovment of the side branch stent lumen. Embolic
material released as a result of the delivery or deployment of the humen is caphieed by
filter 484,

{81331  The catheters andior guadewires emiploved with the systems of the present
nvention may inclade intravascular ulrasound (IVUS) tmaging capabilities where one or
more mimaturized transducers are mounted on the tip of a catheter or guidewire to
provide electronic signals to an extemnal imaging system. Such a transducer array may
votate to produce an image of the lamon of the artery showing the precise location of the
take offs for the connected branch vessels that will receive the connected branch stents or
other cavities into which the catheter is iserted, the tssae of the vessel, andfor the tissue
surrounding the vessel In addition to facilitating visnalization duning stent dehivery and
deployment, such systems enhance the effectiveness of diagnosis and treatment by
providing tmportant diagnostic {1.¢., pre-stenting } information, e.g., the location and size
of an aneurysm, that 1s not available from conventional x-ray angiography. Intravascular
wttrasound {IVUS) imaging catheters are commonly used as a preliminary step in the
procedure of selecting the appropriately sized stent graft before placing a non-branched
stent for several reasons which include to ensure that coverage of a side branch vessel 1s
not mistakenly done. Combining the Imaging ability into the tip of the stent delivery
catheter has the advantages of saving time by avoiding a catheter exchange. A second
technique which 1s conunonly done to avoud the exchanging of the steat delivery catheter
and the IVUS catheter through the access site §s o gan another access point to froduce
the separate IVUS catheter. By integrating the IVUS transducers on the tip of the stent
debivery catheter, one ehnunates the need for a second vascular access wound should the
tmagmy catheter have been delivered through a bilateral groin access location. Also,
when placing a stent inside another stent, an IVUS catheter 15 used to ensure that the
second stent will be deploved within the lemen of the fivst stent in an overlapping fashion
o extend the coverage length of the treated region. In those cases, a first stent has been
placed and the downstremm portion is free floating within a large aneurvsm sac and, as
such, care must be taken to ensure that the second stent to be placed withun the first stent
is not cutside the hamen of the first stent. To do otherwise, may resull 1 unintontionally
occluding the vessel requiring the procedure to be converted to a surgery o remove the

misplaced second stent.
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{0134} The systom components of the prosent invention may altematively or
additionally be provided with radiopague markings o assist in fluoroscopic imaging of
the components during delivery and deployment of the mnplants. Figs. 24A and 248
iHlustrate the distal end of an outer sheath 490 of 4 subject system in which radiopaque
lines 494 have been provided on the wall 492 of the sheath. In the Hustrated
embodiment, two radiopague lines 494 positioned 807 apart factlitate accurate rotational
oricntation of the sheath within the vasculature. These lines may also be used in
conjunction with radsopaque markings provided on the stent or graft portions of the
implants whereby the markings on the wplant are aligned with those on the sheath to
ensure proper ovtentation of the implang, 1.¢., selectively positioning the side of the
implant having side branches adjacent the side of the debivery sheath which wil be in
contact with the superior portion of the aorte arch. Examples of stents having sach
radiopague markings are disclosed in copending U.S. Patent Application having Attorney
Docket No. DUKEPZ01101,

{0135} The outer delivery sheaths emploved with the delivery and deployment
systoms of the prosent invention may be provided separately from the remainder of the
deliverv catheters and configured to be positionable over the assembly of catheter humens.
This may facilitate loading of the stent. deplovment strings and guidewires. As such, and
as iHostrated in Fig 25, the proximal end 304 of the sheath 500 may be cquipped with a
hemostasis valve mechanism to prevent leakage. Another optional feature of the sheath is
that it nray be fabricated with remfiorced brawding 506 embedided withun the wall 502 of
the sheath, making it very kink-resistant with high torquability. Additionally, by
providing mudtiple spaced-apant solder joints 308 with the braid along the length of the
sheath, the wranslational and rotational loads placed on the sheath during delivery are
distributed over more evenly over the length of the sheath, further ensuring against
kinking or bending of the sheath.

Methods of Device Implantation

[0136]  As inplantation procedure for certain of the subject devices will now be
desertbed with respect to Figs, 8A-8H and in the context of an aortic arch application in
which a stent-graft 2 of the present invention, such as that iltustrated n Fig 1A, having a
main body lumen 4 and three side branch lumens 6a, &b and 6¢, is percutancously
implanted within the aortic arch 3, where, upon implantation, eam body bauen 4 will

reside within the aortic arch 5 and the three side branch lumens 6a, 6b and 6¢ will reside
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i the innenunate artery 7a, the eft conmmon carotid artory 7b and the left subelavian
artery 7o, respectively, as iHustrated m Fig. 8H.
{01371 By mcans of g Seldinger technique via the feft femoral artery 8, or abdominal
aortatonyy, a main or aortic gude wire 48 15 advanced throogh the vasculatore to the
aortic arch S ap to or untl distal tp 48a 15 cassed to eross the aorte valve 10, ag
iHlustrated i Fig, SA. Catheter portion 32 of the implantation system 30 of the present
wnvention, provided with stent-praft 2 operatively loaded theren, is then percutaneously
introduced into the patient’s body over guide wire 48,
{0138} Tt is noted that steat-grafts or stents otherwise covered with & material, e.g., an
ECM, may require reconstitution or hydration of the graft or covering prior to
commencing the implantation procedure. This may be accomplished by flashing the
guide wire humen of delivery system catheter with sahine prior to inserting the catheter
irtto the body. Alternatively this could be done by rmsing in open air prior to sheathing.
{0139)  While stent grafi 2 1510 a loaded, undeployed state within catheter portion 32,
the delivery system’s handle 15 1n the retracted position, e, proximal handle portion 34a
and distal handle portion 34b are engaged with cach other. With the handie i the
refracted position (shown in Figs. 8B and 8D, inner member 42 is held in a distally
advanced position and mtermediate member 40 is held in a proximally retracted position.
This relative axial relationship between the intermediate and inney members, maintainsg
stent graft 2, or af least iis main lamen 4, in a stretched or tenstoned condition. This s so
as the distal crowns of mam lumen 4 are attached to the distal end of inner member 42,
wiuch i turn 1s fixed to proxin handle portion 34a, and the proximal crowns of maiy
famen 4 are attached to the distal end of mtermediste member 40, which 1 tumn is fixed 1o
the distal handle portion 36b,
{61408}  Catheter portion 32 ix then stecred as necessary by means of manipulating
lever 36, thereby deflecung the distal tip of catheter 32, as desenibed above with respect
to Fig. 4, and advanced into the descending aotta and then into aortic arch 5. Itis
important that catheter portion be property rotationally positioned so that side branch
tamens 6a, 6b and 6¢ of stent graft 2 are sobstannially aligned with arteries 7a, 7b and e,
respectively, into which they ave o be delivered. To this end catheter 32 15 torguable and
# u.orosmpic guidance may be emploved to further facilitate delivery of catheter portion

. In particular, Bucroscopic markers {not shown) on the crowns of the stent graft
lumens may be racked and accurately positioned for optimal placement within the

respective arteries. The stent Hself may be radiopague.  The tip of the catheter will be
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radiopague as well. A steerable gwidewire may be used to divect the mam catheter 32 and
the side hranch catheters as the stretched main stent body and side branch stent hodies are
steered by deflectable tipped mudewires placed into the target imaplant site.

{0143 Throughout the dehivery and deployment procedure, the various umens of
catheter portion 32 may be contingously flushed with a flaid, e g, saline or contrast
agent, in a retrograde divection (relative to the blood flow) at a pressere that is greater
than or substantally equal to the pressure of the arterial blood. This prevents possible
leakage of blood from the system as well as prevents any mterference with the
functioning of the delivery process, particularly keeping the stent strings lumens free and
clear of blood, thereby elimmating clotting within the lumens. Additionally, because
each hamenal end of the stent graft (1o, the proximal and distal ends of main humen 4 as
well as the distal ends of the side branch lumens) is individually controlled (however,
some or all may be collectively controlied) by the delivery and deployment system 30 of
the present mvention, the mierconnected cells of the stent may be selectively elongated tn
an axially direction, permitting the continual flow of blood around the device during
deployment within the anatomy. This axial clongation feature also permits e
implantation of larger diameter side branch stents within a vessel having a smaller
diameter.

{0142} Once the distal end of catheter portion 32 is operatively positioned within the
aortic arch S, outer sheath 38 is retracted by manually pulling on fitting 30 (sce Fig. 3A)
ta expose the proximal end of nose cone 46 of nner mamber 42 and to partially deploy
the distal portion of the main or aortic umen 4 of stent graft 2 within the ascending aonta,
as shown in Fig 8C. With partial deployment of stent graft 2, Lo, main aortic lamen 4 i
mantgined i a stretched or tensioned state, arterial blood flow exting from aortic valve
14 flows through and around main hemen 4. It is important to note that with main lumen
4 in this partally deployved state, stent graft 2 can be easily repositioned within the
vasculatare as it 1s not vet engaged with the vessel walls and, thus, is not subject to the
frictional resistance that contact with the walls would cause, not to mention the avoidance
of the resulting endothelial damage andfor plague embolization which is ikely to occur.
{1143} While the vartous side branch hanens 6a, 6b and 6¢ of stent graft 4 may be
deploved serially {onc at a time) in any order or paraliely (sirmudtancousiy) together, i
may be casiest o deploy the side branch stenf fumens one at 3 time I order fronn the most
distally positioned stent lumen {63} to the most proximally positioned stent lumen (ba).

This deplovment order eliminates unnecessary or repetitious translation of outer sheath 38

42
2



WO 2008/098255 PCT/US2008/053615

over the stent graft, 1o, only gradeal, enidivectional {proximal) wanslaton is necessary.
This 15 advantageous in that abrastons to the graft material are mintmized, which is
particularly mmportant when coated with a material, e.g., extra cellular matrix, or a drug.
This deplovment order further reduces the necessary deployment steps and, thus, the total
tme necessary for the mmplantation procedwre.

{8144]  To deploy a side branch stent lomen, such ag stent humen 63, a side branch
guide wire 154 is mserted into (or may be preloaded within} side branch port 110 of the
respective control hub 1o its full distally advanced position and into a lomen 152 of side
branch catheter 1530 posttioned within fumoen 148 of intermediate member 46 (see Fig.
6AJ At the same time, outer sheath 38 is incrementally and gradually retracted
proxamally to allow the distal end of guide wive 154 to be translated through side branch
catheter 130, out its distal end and into imnontinate artery 7a, as shown in Fig. 8C. The
respective control hub 74 15 then distally transiated along imtermediate nrember 40 and
may be fully engaged with the associated catheter hub R4, thereby exerting maximum
tension being applied to the side branch stent cells by the attached attachment strings and
partially deploying side branch stent 6a as shown in 8D, Note that the main body stent
cells are being held stretched distal to proximal through the relative positions of the er
member and intermediate member as confrolled by the handie in the close configuration
while the side branch stent is likewise maintained i a stretched position by the distally
advanced side branch catheter. This procedure is repeated as necessary for the remalining
aumber of side branch steats, tn this case, side branch stents 6b and 6e which are
delivered into the left common carotid artery 7b and the Ieft sebelavian artery Te,
respectively, as iHastrated 1n Fig. 8D, Note that at thus pardally deployed state the blood
flow 1s arcund the deviee as well as through the implant depending on how tight and over
what extension fength the attachment strings are pulied to the inner member exit ports
184, It may be deswable to have just flow around the device and not dwough the Tumen of
the device and that can be accomplished by cinching down on the attachment strings on
the distal end of main humen to allow the most sunimal length of attachment thereby
bringing the main lumen of stentgraft to be held closed aganst distal tp 46 or uner
member 42 1t 1s important to vote that the distance between the distal main stent end and
s connectron to the muer member is confroilable by the length of distal attachment
strings which are controlled by the string clamp 70b by adjusting and sclecting the
iocation of where the clamp locks onto the distal attachment strings. This adjustment can

be made in site while the stent is being delivered.  Likewise the distance between the
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proximal mam stont end and s connection to the intermediate member s controliable by
the length of proximal attachment strings which are controlled by the string clamp 72b by
adjusting and selecting the location of where the clamp tocks oo the proximal
attachment strings. This adjustment can be made in sty while the stent 1 being
detivered.

{0145} After placement within the branch arterics of all of the side branch stents in
theiwr partially deploved states, the stent graft i1s ready for full deployment. This s
accomplished by moving the system handle to the extended position, t.e., proximal bandle
portion 3da and distal handle portion 34b are axially separated from cach other, as
tlustrated in Fig, 8E. This action causes inner member 42 to translate proximally relative
to the fixed intermediate member 460 and 1 tarn refaxes the tension apphied to the cells of
main humen 4, thereby bringing the humen ends closer together. As sach, the stent
foreshortens and there 18 a corresponding increase in the diameter of main leows 4,
therchy securing main lomen 4 against the walls of the aotta,

{0146} The side branch catheters are lkewise translated proximally by moving the
respective control hub 74, 76, 78 a distance farther from its correspondimg catheter hob
R4, &6, 85 thereby relaxing the teasion applied to the cells of the side branch stent. As
such there s a corresponding increase i the dismeter of side branch fumens 6a, 6b, 6¢ as
the lumenal ends foreshorten. It is important to note that the distance between the stemt
ends and the catheter ead s controllable by adiusting the length of the strings traversing
between the fixed-end knob 70a, 72a, 74a, 76a, 78a and the releasable end clamp 70h,
72h, 74b, 76h, 78b.

{0147} Omce the stent cells have been released of their tension by the translation of
the catheter handle and side branch catheters, and as the stent opens to a diameter which
is expanded against the swrounding artery wall, the entire blood flow enters through the
distal end of the device and exats all of 1ts other lumens. Preferably, blood flow 1s sealed
from around the ouatside of the stentgralt once the stent has been fully deployed.

[0148] While the stent itself nay be fully deployed as shown wm Fig. RE, 1€ 15 sull
attached by attachment string sets o each of the distal ends of nner member 42,
ntermediate member 40 and cach side branch catheter 150a, 150h, 150c. The lamenal

ends of the stent grafl can now be detached from their respeetive catheters. The stent

r

graft’s lumenal ends may be released serially {one at a time} in any order or parallely
{simultaneously} together. Ag shown in Fig. 8F, the lumenal ends of the side branch

hanens 6b and 6¢ have been released. with the respective attachment strings 190, side
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branch cathetors 130a, 1306, 150¢ and side branch guide wires 154 having been retracted.
For each side branch lumenal end, such as illustrated for side branch lumen fa, catheter
detachroent is accomplished by sctuating the designated control clamp 74b, T6b and 78b
on its respective catheter hub 74, 76, 78 to release the free ends of strings 190 from the
screw clomp of catheter hud and, at the same tme, by removing control knob 74a, 7éa,
78a from the handle and pulling strings 190 to the extent that the free ends unloop or
detach from the respective stent’s crowns 128 of Fig. 8F. The strings 190 need only be
pulled until their free ends release the crowns but may be withdrawn within the distal end
of catheter postion 32,

{6149] As illustrated in Fig. 8G, a similar procedure is performed with respeet to
deplovment of the distal and proximal ends of main lamen 4, where either end may be
deploved first or both ends may be deployed simuftaneousty The designated control
clamyp 70b, 72b is actuated to release the free ends of sirings 192 and, at the same time,
control knobs 70a, 723 is ramoved from the handie thereby pulling steings 192 w the
extent that the free ends unloop or detach from the respective stent’s crowns 126, Strings
192 need ondy be pulled ontil thewr free ends release the crowns nd may be withdrawn
within the distal end of catheter postion 32, The entirety of catheter portion 32 may then
be removed from the vasculature with stent graft 2 1 a fullv deploved state withmn the
aortic arch S, as shown in Fig. 8H.

{0156} Reforring now to Fig. 11, the partial deplovinent step of the above described
procedure is tlhustrated with respect fo the debivery and deployment of the soplant 210 of
Fig. 1E. Specificalty, catheter portion 38 of the delivery system 1s positioned within the
aorta with the distal portion of main stent fomen 122 partially deploved within the aortic
root and ascending aorta 240, and side branch lumens 2 14a and 2146 partially deploved
within the right and left coronary ostia 220 and 222, respectively. A main guidewire 218
extends from catheter 38 and crosses the former location of the natursl aortic valve 224,
while side branch guidewires 226 and 228 extend within the covonary ostia 220, 222 from
side branch catheters 234 and 232, respectively. Upon release of the astaclunent strings
for the main humen of the implant, prosthetic aortic vabve 216 will reside within the
natural annelus 224, The side branch hamens 21da, 214b may be deploved
simultancously with cach other and with main tumen 212, or senially m anv order.

{0151} in any surgical or endovascular procedure, such as the one just deseribed, the
fewer incisions made within the patient, the better. Of course, this often requires highly

spocialized mstramentation and tools used by a lughly skilled sirgeon or physician, In
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consideration of this, the above-described single-tncision dovice implantation procedure
mayv be moditied to include the creation and use of one or more secondary incisions o
facilitate the initial delivery of the cathetor portion 38 of the dehivery systeny 32 at the
implantation site and fo further ensure proper orfentation of the stent graft upon its
deplovment at the site.

{8152}  The two-inciston {or mudtiple-inciston) procedure of the present invention
nvolves a primary incision, ©.g., a cut-down 1 the fomoral antery as described above,
through which the above-described delivery and deployment system is introduced into a
first vessel within the body, ¢.u., w0 the aortic arch, and a second ncision (or more) at a

location(s) that provides access to af least ong vessel which intersects the first vessel, ¢

fia

one of the side branches of the sortic arch. This procedare 1s now described with
reference to Figs. 12A-12F and in the context of mmplanting the stent graft 2 of the present
mvention i the sortic arch by use of a primary incision made o the left fomoral artery 8
to access the aortic arch § and a single secondary incision made in the brachaleephalic or
radial artery 15 to access one or more arteries of the aortic wree.

{#153] First and second access incisions are made -~ in the left femoral artery 8 and
the left brachycephalic artery 15, respectively, By means of a Seldinger technique, a
secondary or “tether™ guide wire 304 s advanced through the left brachyeephalic artery
13 into the mmominate artery 7. Guide wire 300 i then fiather advanced into the aortic
arch 3, the descending aorta 11, the abdominal aortz 13 and the left fomoral artery €
where it exits the bady through the femoral incision, as tHustrated in Fig. 12A. A
secondary or “tether” catheter 302 15 then racked over the femoral end 300a of mnde
wire 300 and along the fength of the guade wirve unul catheter 302 18 advanced oot of the
brachial mncision, as Hlustrated in Fig. 12B. Any soitable off-the-shelf system for
cardiovascular applications may be employed for use as the secondary or tether gmide
wire and catheter. A doal famen rapid-exchange {RX) catheter, such as the one
ilustrated, having a sccond hamen positioned at the proximal end of catheter 302, An
advantage of an RX catheter is that it only roquires the string(s) {or a guidewire) to be
pushed a relatively short distance {requiring tittde “pushability”} before it exits the tomen
rather than a greater distance in which the string would be difficalt to push due to its hmp
nature, Alternatively, the very end of catheter 307 may be provided with a thru-hole or a
cross-hole in the catheter wall, as iHustrated i Fig. 12C°.

{0154} The above descried mmplantation system 30 is then provided with stent-graft 2

operatively loaded therein. For this procediae, as illustrated in Fig, 12C, side branch
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attachment strings 190, or at least one string thereof, for deploying the most distally
located side branch stent fumen 6a (L., the one intended for tmplantation ito the
innonunate artery 73} and attached thereto (fo one of more stent crowns) are extended
from side branch catheter 150 of primary or stent debivery system catheter 38 and then
threaded through a side branch tether tubing 35, The strings are then knotted 37a to
prevent proximal withdrawal back into catheter 1503 and tubing 35, The remaming distal
length of strings 190 are then threaded through the exchange lumen 304 of tether catheter
312, The ends of the strings are then knotted a second time 37b to prevent proximal
withdrawal of the strings from exchange lamen 304, With the secondary catheter
embodiment of Fig, 12C7, the strings are threaded into the main hunen 302 and out the
side hole 305, The distal sting ends are then knotted 37h.

{0155] Secondary catheter 302, with side branch catheter 1502 n tow as well as the
ertirefy of stent catheter 3R tnchuding primary or main ginde wive 48, 15 thes advanced
back through the femoral incision over secondary guide wire 300 until catheter 302 15
fully withdrawn from the brachial meision, as ilustrated 18 Fig. 12D, and untid the distal
end of side branch catheter 1502 i also extended from the brachial meision. Tether made
wire 300 can now be removed from the body. At this point, strings 190 are et ata
location 307 between the distal end of side branch catheter 130a and the opposing end of
secondary catheter 302 to release the tether catheter 302 from the stent deployment
system,

{8156] By the tension applicd to strings 190 and the transiation thereof, sade branch
6a of stent graft 4 has been drawn into the innonunate artery 7a, as lustrated 1n Fig, 12E,
i a partially deploved state (e, exposed bat stretched). Conowrently, stent guide wire
48 is advanced over the aoriic arch § and across the aortie valve 10, thereby advancing
nose cone 46 and thus the distal end of the partially deploved (1.c., exposed but stretched
or tenstoned) main stent lumen 4 into the ascending aorta. Meamwhnle, stent catheter 38
has been tracked over stent guide wire 48 into the aortic arch S, Continued forward
advancement of steat catheter 38 is blocked by the partially deploved side branch lamen
Ha. As discussed above, with main hanen 4 amintained in a siretched or tensioned state
{as well as side branch lumen 6a}, various advantages are provided: arterial blood flow
extting from aortic valve 10 1s allowed to flow to the brain and body; repositioning of the
stent graft 2 is possible, and the likelibood of endothelial damage andfor plaque

embolizagion from the aortic wall is greatly munimized.

£
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{0157} For stonts and stent grafis having two or more side branch femens 6a, 6b, 6¢,
asin Fig. 12F, the procedure described above and illustrated in Figs. 12A-12E wuth
respect to the implantation of a stent having a single side branch lumen 1s simaltancously
performed, with sepavate designated tether guide wives and catheters 1350a, 130b, 150c¢.
As ilustrated in Fig. 12F, with at teast the distad end of the main stent humen 4 accurately
positioned and partially deploved within the ascending aorta, the respective side branch
fumens Ha, 6b, 6¢ are deployed within the mnominate attery 7a, left common carotid
artery 7b and the left subclavian artery 7o, respectively. Alternatively, one or more of the
side branch lumens may be partially deploved as described with respeet o Figs. 12A-12F,
and the remaining side branch hunens, if any, may be deploved m the manner described
above with respect to Figs. 8C and 8D, Finally, with all side branch tomens 6a, 6h, 6¢
partially deployed within their respective arteries, the procedaral steps described with
respect to Figs. 8E-BH may be performed to fully deploy the all lumens of the stent graft
and remove the delivery system from the body.

[0158]  Whle the implants of the present snvention have been described as bemng
deplovable by stet restraining members or mechanisis, if is undersiood that the subject
implants may be configured such that they andfor their hunenal ends are configared for
deployment by an expandable member or members. For example, cach of the ends of the
implant {i.c., of the main lumen and of the side branch hamends)), in a leaded, undeployed
state, may be coupled to one or more of the nested catheters by placement about an
expandable hatloon affixed to the catheter(s). The balloosns, i either a partially or fully
expanded state, provide a sufficiently snug it with the implant ends such that the fumens
of the implant may be selectively stretched or tensioned along their lengths when
mantpulating the catheter components.

[0159]  The preceding merely Hlustrates the principles of the invention. 1t will be
appreciated that those skalled in the art will be able to devise various arvangements which,
although not explicitly deseribed or shown herein, embody the principles of the imvention
and are included within its spint and scope. Furthermore, all examples and conditional
language recited herem are principally intended to atd the reader in understanding the
principles of the invention and the concepts contribated by the inventors to furthering the
art, and are to be construed as being without Himitation to such speetfically recited
examples and conditions. Moreover, all stateruents herein reciting principles, aspects,
and embodiments of the mvention as well as specific examples thereof, are intended 1o

encompass both stractural and fonctional cquivalents thereof. Additionally, it is itended
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that such equivalents include both currently known cquivalents and equivalenis developed
in the future, Lo, any clements developed that perform the same function, regardiess of
structure. The scope of the present invention, therefore, 1s not mtended to be Hmited to
the exemplary embodiments shown and described herein. Rather, the scope and spivit of
present invention is embodied by the appended clatms.

{0160} it mast be noted that as ysed herein and in the appended claimsg, the singelar
formis “a”, “an", and “the” nclude phural referents unless the context clearly dictates
otherwise. Thus, for example, reference to “a striing” may inchade a plurahity of such
strings and reference to “the tubular member” includes reference to one o more tubular
members and equivalents thereof known to those skilfed in the art, and so forth

{0163} Where a range of values is provided, it 1s anderstood that cach intervemng
vatue, to the tenth of the anit of the lower Himit widess the context clearly dictates
otherwise, between the spper and lower hinuts of that range 1s also specifically disclosed.
Each smaller range between any stated value or intervening value in a stated range and
any other stated or mtervening value in that stated range 15 encompassed within the
myention. The upper and lovwer Hmits of these smaller ranges may mdependently be
incladed or excluded in the range, and cach range where either, neither or both Hmits are
ncluded in the smaller ranges is also encompassed within the mvention, subject to any
specifically excluded hmit in the stated range, Where the stated range includes one or
both of the limits, ranges excluding cither or both of those incladed limits are also
mcluded in the invention,

[0162] Al publications mentioned herein are incorporated herein by reference 1o
disclose and describe the methods andéor muaterials in connection with which the
publications are cited. The publications discussed herein are provided solely for their
discloswre prior to the filing date of the present application. Nothing herein is fo be
constraed as an adnussion that the present Invention 1s not entitled to antedate such
publication by virtue of prior imvention. Farther, the dates of publication provided may
be different from the actual publication dates which may need fo be mdependently

confirmed.

49



WO 2008/098255 PCT/US2008/053615

CLAIMS
That which is claimed is:
i A stent-loaded catheter assembly comprising:

a catheter having at least one lumen; and

a stent compriving 3 main famen having a proximal end and a distal end and at least
one side branch lumen connected to and extending laterally from the mam lumen, wheremn the o
distal end of the catheter is positioned within the side branch lumen; and

a siring extending through the at least one catheter lumen and releasabley attached to a
distal end of the side branch fumen, wherein, prior to release of the string from the side branch
hemen, selective movement of the catheter at & proximal end results in a corresponding pivotal

movement at the distal end wherein the catheter distal end 15 steerable.

3. The stent-loaded catheter assembly of clgim 1, wherem the sclective movement

15 axial translation and the prvotal movement 1s forward and backwards.

3. The stent-loaded catheter assembly of claim 1, wherein the selective moverment

is rotational and the pivotal movement is fateral.

4. The stent-loaded catheter assembly of claim 2, further comprising a mechanism
for selectively tensioning the siring fo selectively mnorease and selectively reduce a profile of

the side branch lumen,

3. The stent-loaded catheter assembly of claim 1, wherein the ends of the string
cach extend through a separate lumen within the catheter and a central portion 18 weaved

through apices of a distal end of the at least one side branch hamen.

6. A stent-loaded catbeter assernbly comprising:

a catheter having at least one furnen; and

a stent comprising a main hamen having a proximal end and a distal end and at least
one side branch lumen connected to and extending laterally from the nain lurnen, wherein the

catheter umen is adapted for receiving the stent in a reduced profile; and



WO 2008/098255 PCT/US2008/053615

a pin assombly ongaging apices of a distal end of the main hemoen wherein the pin
assembly is spring-loaded wherin, upon release of the spring-load, the pn assembly releases

the apices.

7. A system for delivering and deploving a stent having a distal end and a
proximal end and a stracture thercbetween wherein the structure having an iitial profile
wiich s reducable along a length of the structure, the system comprising:

a catheter having an mner diameter fess than a diameter of the stent in the
wmitial profile, the catheter adapied for receiving the stent in a reduced profile; and

a2 lumen comprising a port for receiving a fluid and at least one gasket distal of the port
prevent leakage of the flud from the port, wherein at feast a portion of the catheter 1s flushed
by passage of the fhid therethrough.

8. A sheath adapted for endovascular delivery of catheters, the sheath comprising:

a braided material embedded within a wall of the sheath and extending along a length of
the sheath; and

at least one solder joing within the braided material,

92 The sheath of claim &, comprising a plurality of spaced apart solder joints along

the length the of the braided material.

. A stent-loaded catheter assembly comprising:

a catheter sheath having at Jeast one lumen and at least one radiopague warking; and

a stent device comprising a main lumen having a proxamal emd and a distal ond and af
least one side branch hunen connected fo and extendmg laterally from the mam lumen, wherein
the catheter hanen 1s adapted for receiving the stent device i a reduced profile; and

the stent device further having at least one seleetively positioned radiopacgue marking,
wherein alignment of the mdiopaque marking on the stent device with the radiopaque marking

o the catheter sheath validates proper loading of the stent device within the catheter sheath,

1. The stent-loaded assombly of clainy 18, wherem the catheter sheath has two
radiopaque markmgs extonding along 1ts length and spaced 1807 apart from cach other; and the
stent device has two radiopaque markings extending along its length and spaced 180° apart

from each other,

Ty
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12, The stent-loaded assembly of olaim 14, wherein the stent device comprises a
stent and graft engaged with the stent; and wherein the at feast one radiopague marking on the

stent device s on the graft.

’._l}
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