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METHODS AND APPARATUS FOR INTRALUMINAL PLACEMENT
OF A BIFURCATED INTRALUMINAL GRAFT

Related Applications -
The present application is a continuation-in-part of co-pending U.S.
application 09/163,580, filed September 30, 1998 under the same title.

. Background of the Invention
Field of the Invention

The present invention is directed generally to methods and apparatus

for positioning an intraluminal graft. More specifically the present invention is

related to methods and apparatus for positioning an intraluminal graft into a
bifurcating vessel such as an artery.

Discussion of Related Technology
An artery or other vessel that is weakened by disease, injury, or

congenital defect, can become distended due to the pressure of blood or other
. fluid flowing through the weakened area. In the vasculature, this distended

weakening is called an aneurysm. An aneurysm typically occurs in the arterial
vessels of the hea&, chest, or abdomen. . The distension may cause the vessel to
rupture, which can have serious, even life-threatening consequences.

Aneurysms in the abdominal aorta are typically distended around the
circumference of the aorta and tapered at both ends. Most aneurysms of the
abdominal aorta are caused by atherosclerotic weakening of a segment of the
wall. Abdominal aneurysms may cause backache and severe pain, and may be
visible as a throbbing swelling. If an abdomi;lal aorta ruptures, it is seriously
life threatening,

Traditionally, aneurysms have been treated by radical surgicat graft
replacement. This approach is risky for the patient and is sometimes not
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feasible due to other pre-existing disease states of the patient. More recently,
aneurysms have been treated by placément of an mtralmmnal or endovascular
graft. These intraluminal or endovascular grafts may be of various types,
including grafis having stents, wireforms, or other atta@hment means attached to
or integrated into the graft structure.

-In general, intraluminal grafts and their respective support and/or
attachment means fall into two major categories, self-expanding and pressure
expandable. Self-expanding intraluminal grafts, are supported and/or attached
via resilient or shape-memory material such as spring sfeel or Nitinol™,
Self-expanding material is capable of being formed in a conﬁgu'ratiox_l from
which it may be compressed to a radially compact diameter for placement
within a damaged vessel. At the time of use, the memory feature of these
materials causes them to self-expand from the radially compact diameter to the
expanded operative diameter. '

Pressure-expandable intraluminal grafts are supported and/or attached
via plastically deformable material such as stainless steel that is initially formed

in its radially compact diameter. This type of material does not have memory,

and will remain in the radially compact diameter until manually expanded.
Typically, outwardly directed pressure is exerted upon the graft through use of a
balloon so as to cause radial expansion and resultant plastic deformation of the
material to its operative diameter. '

Careful positioning and firm implantation of the intraluminal graft is
critical to the successfill treatment of the underlying medical condition. This is
particularly difficult to accomplish when the aneurysm extends from an artery
into one or more divergent arteries. A “trouser gfaft’" has been suggested for use
in a first main artery and a pair of divergent arteries by White et al. in PCT
Application Nos. WO 97/17910; WO 97/17911; WO 97/18006; WO 97/26936;
and WO 97/26938; all of which are hereby incorporated herein by reference in
their entireties. A trouser graft comprises a first tubular body that bifurcates
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.into two smaller tubular bodies. In the referenced disclosures, the first tubular
body is placed in first artery and the two smaller tubular bodies are placed so as
to extend within the two divergent arteries.

- Notwithstanding the important teachings of the foregoing references,

5  features of the aforementioned device have recognized shortcomings that make
them less than complete solutions to the treatment of aneurysms in the
vasculature, or to the treatment of similar damage to other vessels. The present
invention provides substantial improvements to the methods and apparatus of
the prior art. '

10
Summary of the Invention
It is an object of the present invention to provide an improved
intraluminal graft and method for placement of same that diminishes deleterious
kinking and twisting of the graft during and after placement thereof in a vessel.
15 " Itis another object of the presenf invention to provide an improved
intraluminal graft and method for placement of same that provides control over
inadvertent longitudinal movement within a vessel. ' ' '
" Another object of the present invention is to provide an improved
intraluminal “trouser” graft and method for placement of same that precludes
20  inadvertent separation of the legs of the trouser. '
These and other objects and features of the present invention will
become more fully apparent from the following description and appended
claims, or may be learned by the practice of the invention as set forth
" hereinafter. ' '
25 To achieve the fofgoing objects, and in accordance with the invention
as embodied and broadly described herein, the present invention relates to new

‘and useful apparatus and methods for'placing a bifurcated graft at the site of a
damaged vessel. In a preferred embodiment, the methods and apparatus of the
present invention are directed to placement of a bifurcated graft within an
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* assume a less tortuous path

" The preferred brﬁlrcated aortic graft includes both self-expandmg and balloon-
. expandable wireforms along its length. T_he ba_ll_oon-expandahle wires perm1t
. precision in placement of the aortic graft. The self-expanding wires open within '
* the vessel immediately upon deployment from the maln catheter assembly,

_' which allows insertion of other modular components, opens a removal path for

aneurysm located in the abdominal aorta 'downstream of the renal arteries.

Preferably, placement of the graft is throngh the right femoral artery of a
patient. | _ |
~ An introducer assembly is provrded which is configured for placement
over a guidewire and for facilitating { the.'a'dvancement ‘of various catheter
assemblies required in connection with the practtce of the invention. The
introducer assembly includes a sheath valve head and a dilator. The sheath is
preferably cylindrical in shape and is formed so as to have an appropriate -

flexibility and an outer diameter suitable for placement at the location of an

 aneurysm to be repaired. The valve head perrmts 1nsertron and removal of -
~ various catheters dunng the method- of the present mventron w1thout significant

loss of blood from. the femoral artery The proxunal end of the valve head i is

) provided with a threaded connector whr_c_h facilitates connection of the valve
 head to other catheters. The dilator, which includes 2 tapered tip, is placed .~

.15 - during use through the valve head and the sheath so that the tapered tip portion

protrudes from the sheath The dllator tip portlon is capable of berng advanced

) gently through the tortuous pathway of the vasculature without causmg undue

trauma or a perforation, yet is also sufﬁczently stiff to cause the blood vessels to

Another component of the present mventlon isa brfumated aortic. graﬁ

the inflatable balloons, and reduces kmkmg. The self-_expandmg wires also
increase the anchoring force between the bifurcated gﬁs and modular extension .
grafts used to extend the bifurcated graﬁ into communication with non-
distended vessel walls.
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One of the self-expanding wireforms is located at a septum region of
the bifurcated graft. The septum region separates an ipsilateral leg from a
contralateral leg (“ipsilateral” and “contralateral” referring to opposite lateral
sides of the patient depending on the surgical approach). This septum wire

5 . prevents and helps eliminate the kinks that are typically encountered with-
conventional bifurcated grafts: In addition, the self-expanding wireform at the
septum region includes cimps functioning as radiopaque markers generally
pointing to the septum region, which aids in identifying the location of the

. septum under fluoroscopy. Two additional self-expanding wireforms are

10 located at the ends of each leg of the bifurcated graft. These wireforms facilitate
- opening the legs immediately upon ;ieployment from the main catheter
assembly to allow for the insertion of modular components. These leg
wireforms also contain crimps as radiopaque markers which aid in identifying
‘the ends of the bifurcated graft legs. All crimps on the self-expanding
15  wireforms are placed on the anterior side of the graft, thus aiding in orientation
of the graft under fluoroscopy.

The main catheter assembly is ntilized to place the aortic graft
described above, whichi is conipressed and loaded onto the distal end of the

- main catheter assembly. The main catheter assembly is sized such that it will fit
20  inside the introducer sheath. '

The components of the main catheter assembly include the following: a
rigid loader configured for connection to the valve head of the sheath assembly;
a proximal connector assembly including a distal pusher connector; an elongate,

- tubular pusher body; an elongate catheter with a coaxial tube construction; and
25  aninflatable catheter balloon. '

In addition to the aortic graft, two additional graft portions are adapted
to extend into the respective iliac arteries to form a frictional engagement with
the ipsilateral and contralateral legs of the aortic graft. These extension grafts
typically comprise straight cylindrical tubes, with an upstream end having a
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common diameter. . The upstream ends interlock with the respective
downstream portions of the aortic graft. -

) The present invention may further include a directional catheter which
permits placement of the graft extensions. The directional catheter includes a
deflecting spring portion, a knob used to deflect the §pr_ing portion, and a
comnector nut for connection with the sheath assembly.

The preferred method for using the aforementioned components of the
present invention includes the following steps. An incision is made and a

primary guidewire is placed in conventional fashion in the ipsilateral side, that

_ is, for example, through the right femoral artery and the right common iliac

artery so as to extend well upstream of the aneurysm. The introducer assembly
is advanced over and along the primary guidewire into a position upstream of

-the renal arteries. Once the sheath of the introducer assembly has been properly
. placed, the dilator is retracted along the guidewire and then completely removed

from within the sheath assembly and from primary guidewire. The main-

i catheter assembly is inserted over the primary guidewire and into the sheath

assembly, and then connected thereto. The pusher body is distally advanced to

- push the aortic graﬁ and main-catheter through to the end of the introducer
 -sheath. The sheath containing the aortic graft is then retracted slowly to
‘approximately a desired deployment position in the abdominal aorta. The

introducer sheath is then retracted to a position just below the septum region,

freeing the aortic graft and exposing it to blood flow. ..

The balloon-expandable, upstream portion of the aortic graft remains in

. a substantially compressed configuration. - The catheter balloon is inflated which

facilitates the concurrent radial expansion of the balloon-expandable portions of
the graft from the initial, collapsed orientation, to.the second, expanded
orientation. In one embodiment of the present invention, the graft is slightly
over-sized to optimize engagement of the aortic graft with the aortic wall.

‘When the graft is fully expanded, the upstream end thereof frictionally engages



WO 00/76423

10

15

25

PCT/US99/28397

. the luminal surfaces of unaffected regions of the aorta just below the renal

arteries. After the graft has been radially expanded in the aforementioned

-manner, the balloon is deflated; longitudinally stretched to prevent snagging on

the graft, and then removed. The main catheter is then withdrawn slowly and:
carefully, with the introducer sheath and the primary guidewire remaining in
place. '

For placement of the graft extensions, the directional catheter is first
inserted over the primary guidewire. The spring portion of the directional

.catheter is positioned such that it is above the septum region of the aortic graft.

The spring portion is deflected by pulling proximally on the knob. A
supplemental guidewire is then advanced through the directional catheter and.

out the deflected spring portion such that the supplémental guidewire extends.

down the contralateral leg and through the left common iliac artery. The

-supplemental guidewire is extended until it is in the left femoral artery, at which
time the left femoral artery is cross-clamped and a cut-down or percutaneous
incision is performed to retrieve the supplemental gnidewire. Once the

guidewire is retrieved, a stiffer guidewire is exchange through the left femoral
artery until it is within the first graft and reaches the contralateral side of the
aortic graft. A second introducer assembly is then introduced over the stiff

- guidewire.

A second catheter assembly on which is packaged a tubular graft
extension is then introduced through the second sheath assembly until the
introducer sheath extends through the left iliac artery and terminates at the
bifurcation point of the aortic graft: The sheath followed by the pusher of the
second catheter assembly are then pulled back proximally to release the tubular
graft extension. The balloon on the second catheter assembly is then inflated
such that the upstream end of the extension graft is frictionally engaged with the
downstream contralateral leg of the aortic graft. In one embodiment of the
present invention, the extension graft is slightly over-sized such that it optimally
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engages with the self-expanding downstream contralateral leg. The balloon is
then deflated and the second catheter assembly is removed in the manner
previously described hereinabove with respect to the -rtlain catheter.

The directional catheter is also removed such that a third catheter
assembly, on which is packaged a tubular graft extension, and which may be

. identical to the second catheter assembly, can be introduced over the primary

guidewire and through the first introducer sheath assembly. This third catheter
assembly is advanced _,u_ntil the distal end of the extension graft is at the

bifurcation point of the aortic graft. In like manner to that previously described,

a third graﬁ extension positioned on the third catheter assembly is deployed

. such that its upstream end is in contact thh the ipsilateral leg of the aortic graft,

and its downstream end is in eontact__with the right 111ac artery. Also as
previously described, the _balleon on third catheter assembly is inflated to

. expand the balloon expandable extension graft in the ipsilateral side. In one

embodiment of the present invention, the extension graft is slightly over-sized
such that it optlmally engages, w:th the self-expandmg downstream ipsilateral

. leg. Fmal]y, the balloon is deﬂated and stretched and the third catheter

assembly is w1thd1‘awn _ :

- I an alternate embod:ment both the 1ps11ateral and contralateral balloon
catheters cou)_d be positioned simultaneously and inflated sequentially. While
maintaining the position of the third catheter balloon the second catheter balloon
is deflated and stretched and the second catheter is removed. The third catheter
balloon is subsequently deflated, stretched, and removed.

The second sheath assembly and the stiff guidewires are withdrawn and
the contralateral incision or puncture is sutured. An ang:ographlc examination
may take place to determine if the grafts are correctly placed and functioning.
The first introducer sheath assembly is withdrawn and the right femoral incision
is sutured. The result is a fanctioning trouser graft bridging an aneurysm.
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. . Brief Description of the Drawings
To more fully understand the manner in which the above-recited and

.other advantages and objects of the invention are obtained, a more particular

description of the invention will be rendered by reference to a specific
embodiment thereof which is illustrated in the appended drawings.
Understanding that these drawings depict only a typical embodiment of the

'invention and are not therefore to be considered to be limiting of its scope, the

invention in its presently understood best mode for making and using the same
will be described and explained with additional specificity and detail through
the use of the accompanying drawings in which:

Figure 1 is a front view of an aortic graft in accordance with the present
invention;

Figure 1A is a perspective view of a cylindrical mandrel for foﬁning the
self-expanding wires of Figure 1; _

Figure 1B is a partial plan view of an alternate configuration for a
balloon-expandable wireform in accordance with the present invention;

Figure 2 is front view of a graft extension in accordance with the

- present invention;

. Figure 2A is an internal cross-sectional view of the graft extension from

Figure 2; .
Figure 3 is an exploded perspective view of an introducer assembly of

 the present invention;

Figure 4 is a perspective view of a main catheter assembly of the

. present invention;

Figure 5 is a front perspective view of a directional catheter assembly
of the present invention; . .

Figure 6 is a side view of the main catheter assembly of Figure 4 with
the expandable balloon shown exposed and in an expanded configuration;
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10

Figure 7A is a partial perspective view of the main catheter assembly

“being inserted into the introducer assembly;

Figure 7B is a partial perspective view of the main catheter assembly
connected to the introducer assembly; - o '
Figure 8A is a schematic cutaway view of the abdominal region of the

" human body (“schematic abdominal view”) having a gu:dew:re posmoned

Figure 8B is a sectional view of an abdominal aorta and aneurysm

 (“sectional ancurysmic view”) having a guidewire positioned therethrough;

Figure 9A is a schematic abdominal view having an introducer

- - assembly positioned therein;

Figure 9B is a sectional aneurysmic view having an introducer

- -assembly positioned therethrough;"

* Figure 9C is a schematic abdominal view with an introducer sheath

+positioned above the renal arteries and the dilator removed therefrom;

"~ Figure "lOA"is a schematic abdominal view with the balloon of the main
catheter assemhly ‘and-aortic: graﬁ: advanced within the introducer sheath to the

- rénal arteries; -

Figure:10B is a sectional aneurysmic view similar to Figure 10A;
Flgure 10C is a detailed view of the introducer sheath being withdrawn
to expose the. aortic graft thercin;
Figure 10D is a sectional aneurysmic view with the introducer sheath
withdrawn to a position downstream of the aortic graft;
~ Figure 11A " is a schematic abdominal view with the balloon of the

‘main catheter assembly expanded within a trunk portion of the aortic graft;

Figure 11B is a schematic abdominal view with the balloon of the main
catheter assembly over-expanded within the aortic graft trunk portion;

Figure 12A is'a schematic abdominal view with the balloon of the main
catheter assembly deflated within the aortic graft;
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Figure 12B is a sectional aneurysmic view with the deflated balloon on
the main catheter assembly being stretched to facilitate removal from inside the

_ aortic graft;

Figure 12C is a schematic abdominal view with the main catheter
assembly being withdrawn therefrom and only the main guidewire extending

. through the aortic graft;

Figure 13A is a schematic abdominal view with the directional catheter
connected to the sheath assembly and positioned within the aortic graft;

Figure 13B is a detailed view of the directional catheter being deflected
around the septum region of the aortic graft;

Figure 13C is a sectional aneurysmic view with the directional catheter
advanced to a position above the renal arteries and a second guidewire
positioned within the contralateral side; '

Figure 14A is a schematic abdominal view with a second catheter
assembly positioned within the contralateral side;

Figure 14B is a sectional aneurysmic view with a second introducer-

- sheath positioned at the septum region and the dilator removed therefrom;

Figure 15A is a sectional aneurysmic view of a balloon of the second
catheter assembly and an associated first extension éraft advanced within the
second introducer sheath to the septum region;

Figure 15B is a sectional aneurysmic view with the second introducer
sheath withdrawn to a position downstream of the now exposed first extension
graft;

Figure 15C is a sectional aneurysmic view with the first extension graft
from Figure 15B being expanded from inflation of the balloon on the second
catheter assembly;

Figure 16A is a sectional aneurysmic view with a balloon of a third

catheter assembly and an associated second extension graft advanced within the
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first introducer sheath on the ipsilateral side to the septum region of the aortic

Figure 16B is a sectional aneurysmic view with the first introducer

sheath withdrawn to a position downstream of the now exposed second

. extension graft;

Figure 16C is a cross-section along line 16C-16C of Figure 16B; and
' Figure 16D is a sectional aneurysmic view with a fully deployed aortic
graft and first and second graft extensions,

Descnngon of the Prm Emmm'ments.

: The  present invention enables placement of a bifurcated graft at a site

.. ofa damaged vessel such as an artery, by minimally i mvaswe techniques rather

than an open surglcal access route. Although the methods and apparatus of the

. present invegtiox; are applicable for various types of body lumens, the

description herein will be directed to placement of a bifurcated graft within an

- aneurysm located in the abdommal gorta. downstream of the renal arteries for

purposes.of brewty and snnphclty _ ST

... In addition, a particular procedure is described herein showmg
placement of the graft ﬂn’ough the nght femoral artery of a patient.. This method
is presently preferred for several reasons. For example, it is contemplated that
the bifurcated graft of the present invention will be placed by a vascular
surgeon, int_ervenﬁppal radiologist or a cardiologist. As a practical matter,

~ physicians are accustomed to placing catheters through a femoral artery entry

~ point, and are-less accustomned to other entry points. Fui'ther, since most

physicians are right handed, the preferred insertion will be in the right femoral
artery. By describing this.type of insertion, however, it is not intended to
exclude othef insertion lecations, such as the left subclavian artery, or the
initiation of the procedure through the left femoral artery. Those of ordinary
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skill will be able to take the teachings herein and apply them to other body
lumens, other lumen locations, and other insertion sites.

As the terms are used herein with reference to the human body,
“upstream” pertains to the direction towards the heart while “downstream”
pertains to the direction-away from the heart. When referring to catheters,
“distal” refers to the tip of catheter that is inserted into a patient and “proximal”
refers to the end of the catheter outside the body of a patient. The orientation of
the graft of the present invention will be referenced with respect to whether it is
carried by the catheter or implanted at the aneurysm site. Specifically, upstream
and downstream will be used to refer to the portions of the implanted graft )
closer and farther from the heart, respectively. Alternatively, when the graft is

- still carried on the catheter, distal and proximal will be used to refer to portions

of the graﬂ_in accordance with the aforementioned catheter orientation. Finally,
ipsilateral refers to the side of the patient in which the primary guidewire and
main catheter are inserted (the right femoral artery in the present embodiment),
while contralateral refers to the opposite side.

Aneurysms frequently form in the abdominal aorta at a location
between the renal arteries and immediateiy-proximal to the common iliac

- arteries. Figure 8A, for example, illustrates the anatomy of the abdomen in the

location of an aortic aneurysm. The abdominal aorta 100 can be seen branching
distally into the common iliac arteries, the right common iliac artery 102 and the
left common iliac artery 104. The right and left renal arteries 106, 108 and the
right and left kidneys 110, 112 are located proximal from the common iliacs
102, 104. In between the common iliacs and the renal arteries, an aortic
aneurysm 114 can be seen as a bulging section of the abdominal aorta 100.
Although not depicted in the present figure, such an aneurysm may even extend
down one or both iliac arteries. The right and left common iliac arteries 102,

104 become the right and left femoral arteries 116, 118 in the region of the
pelvis 98. ' '
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A,  Imtroducer Assembly : .

It is important to introduce the bifurcated aortic graft of the present
invention without causing damage to the patient’s vasculature, without undue
loss of blood, without dislodging plaque, and with minimum effort. Itisa
feature of the present invention to utilize an “introducer assembly” to achieve
these objectives. . - _ K :

The “introducer assembly™ of the present invention is preferably

configured for placement over a guidewire. Portions of the introducer assembly

- are thereafter used to.facilitate the advancement of various catheter assemblies

required in connection with the practice of the invention as described below.
An introducer assembly useful in the practice of the present invention is
described in co-pending U.S. Patent Application Serial No. 08/713,070 filed on
September 12, 1996, incorporated herein by reference (the 070 Application).

The primary compornients of introducer assembly 130 may be observed
by reference to Figure-3. Figure 3 depicts a sheath assembly 132 . Sheath

_assembly 132.is comprised generally of a sheath 134 and a valve head 136.

Sheath 134 is preferably cylindrical in shape along those portions of its length to
be inserted into a patient. Sheath 134 is formed so as to have an appropriate
flexibility and an outer diameter suitable for placement at the location of an
aneurysm to be repaired. Sheath 134 is provided with a lumen having a
diameter suitable to permit insertion of the graft sections and the various
catheters described below. Tip portion 138 of sheath 134 is preferably curved
s0 as to minimize any trauma to tissue or tendency to dislodge plaque when the
sheath is advanced upstream into a patient’s vasculature. As mentioned in the
’070 application, tip portion 138 is preferably fitted with a radiopaque marker to
assist in proper placement during use.

The femoral artery is a relatively high-pressure lumen.- Sheath 134 is
fitted with valve head 136 in a fluid-tight fashion. Valve head 136 permits
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insertion and removal of various catheters during the method of the present
invention without significant loss of blood from the femoral artery.

- Figure 3 additionally illustrates a dilator 140 used initially during the
insertion of sheath 134 and during any subsequent upstream movement of
sheath 134. Dilator 140 is placed during use through valve head 136 and sheath
134 so that tapered dilator tip portion 142 protrudes from sheath tip portion 138.
Dilator tip portion 142 is formed of a somewhat resilient material that is capable
of being advanced gently through the tortured pathway of the vasculature
without causing undue trauma or a perforation. Yet, it is desired that the tip:
portion be sufficiently stiff to cause the biood vessels to assume a less tortuous
path. In other words, it is intended that the tip portion straighten the vasculature
so as to facilitate placement of the sheath. Dilator 140 is provided with a lumen
therethrough capable of fitting over a guidewire.

The proximal end of valve head 136 is provided with a threaded
connector 144. This threaded connector facilitates fluid-tight connection of the
valve head to other catheters during the practice of the method of the invention,

" as discussed in greater detail below.

The method for insertion of the introducer assembly will now be

"described. As illustrated in Figures 8A and 8B, an incision 120 is made and a

20

primary guidewire 128 is placed in conventional fashion in the right femoral
artery 116 and ﬁght common iliac artery 102 so as to extend well upstream of
the aneurysm 114, "

As illustrated in Figures 3 and 9A, the introducer assembly 130

(comprising the sheath assembly 132 and the dilator 140) is advanced over and

25

along the primary guidewire 128. As the introducer assembly is advanced,
dilator tip portion 142 gently straightens the patient’s vasculature in preparation
for sheath 134. As seen in Figure 9B, the introducer assembly is advanced to
the point whiere tip portion 138 of the sheath 134 is upstream from the desired
site of graft placement. Specifically, the tip portion 138 is advanced upstream
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. of one of the two renal arteries 106 and 108 located most proximal to the heart.

Under fluoro-visualization, a radiopaque marker 139 in sheath tip portion 138
confirms proper placement with respect to the anatomical landmark of the renal
e, T

Once the sheath has been properly placed, the dilator 140 (Figure 3) is
retracted along the guidewire and then completely removed from within the
sheath assembly 132 and from primary guidewire .128. As illustrated in Figure

9C, once the dilator_ 140 has been remov"ed, the lumen of sheath 134 is available

for placement of other catheters. . Valve head 136 (Figure 7A) prevents
substantial blood loss from sheath assembly 132. |

B. . Aortic Graft .

The aortic graft is designed for introduction into the abdominal aorta

With the use of th_e main loading catheter, which will be described in more detail

below. First, the preferred structure of the aortic graft will be described with
reference to Frgure 1.
As llluslmted inFigure 1,.one ptesently preferred embodiment of the

* aortic .graﬁ is designated generally:at 10.. Such a bifurcated graft, sometimes
 referred to as-a-“trouser graft,” is adapted for insertion transfemorally to the

situs of an aortic aneurysm in the region where the iliac arteries branch from

: the abdominal aorta..

The aortic graft 10 includes a proxlmal trunk portion 12 and is -

blfurcated to define two proximal legs, a contralateral leg 14 and an ipsilateral
. leg 16. In this preferred embodiment, the ipsilateral leg 16 extends longer than

the contralateral leg 14 to facilitate loading of both legs into a smaller diameter

- loader when self expanding wireforms are attached to the end of each leg. The

length difference between the two legs corresponds to the height of the self-
expanding wireform, so that the self-expanding wireforms are not side by side
within the loader. This reduces the overall bulk of the graft and permits loading -
into a smaller diameter loader. One of skill in the art will appreciate, however,



WO 00/76423 R e PCT/US99/28397

10

15

20

17

that the relative lengths of the two graft legs may be adjusted depending on the
particular application for which the graft is to be used. This difference in leg
lengths also aids in orientation of the bifurcated graft under fluoroscopy.

The aortic graft 10 is configured from a flexible tubular structure 18
which is reinforced by wireforms 20 extending circumferentially around or
woven into the tubular structure 18. The flexible tubular structure 18 is
foldable, and the wireforms 20 are radially compressible and expandable. Thus,
the graft is configured to move between an insertion diameter, in which state the
graft may be inserted intraluminally into the aorta, and a larger, expanded
diameter (illustrated in Figure 1) in which state the graft may be secured within
the aorta. '

In the expanded state illustrated in Figure 1, the trunk portion 12 is
generally cylindrical and has a trunk diameter 22 corresponding generally to the
diameter of an average aorta. In this prefeired embodiment, the trunk portion
12 may be configured to be a variety of sizes, one of which is selected according
to the size of the abdominal aorta of the patient into which the graft is to be
implanted. It is presently preferred to make grafts in which the trank portion is
sized to an expansion diameter of 19, 21, 23, 25, 27, and 29 mm. These sizes,
of course, are not limiting of the sizes which may be utilized in accordance with
the teachings of the present invention '

As can readily be seen upon inspection of the graft of Figure 1, the
trunk portion 12 defines a cylindrical tube through which fluid may flow. Ata
septum region 28, the graft bifurcates into the two leg portions 14, 16. The
cylindrical tubes defined by the two leg portions are in fluid communication
with the trunk portion 12, thereby approximating the irnternal configuration of
the bifurcated junction of the aortic artery.

The legs 14, 16 are cylindrical and have diameters which, in their expanded
state, correspond to a fixed diameter to insure a constant interface between the
legs and the upstream end of the extension grafts which will be described later.
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In this embodiment, the contralateral leg 14 and the ipsilateral leg 16 have
expanded diameters of 13 mm. Again, the magnitude of the expanded diameter
of the legs 14, 16 may be varied according to the desired interface between the
legs and the extension grafts. However the diameter of the legs is not dependent
on the diameter of the trunk region. In prior art bifuicated woven grafls, the leg
diameter is one half the diameter of the trunk. For example, a 26mm trank
would always bifurcate into two 13mm legs, 2 28mm graft would bifurcate into
two 14mm legs, a 24mm graft would bifurcate into two 12mm legs, etc. This is
a function of how bifurcated grafts are typically woven. '

~ In the present invention, the lower portion of the trunk region can be
tapered either out or in to insure a constant diameter of the legé' regardless of
the trunk diameter. For example, a 28 mm trunk would taper down to 26mm in
its lower region prior to being bifurcated into two 13mm legs. Similarly, a

" 24mm trink would taper out to 26inm prior to being bifutcated into two 13mm
" legs. This provides for a standard leg diamheter regardless of the trunk diameter

and insures a constant interface and interlock between the bifurcated graft and
the extension grafts regardless of he relative diameters of the trunk and the
downstream ¢nds of the extension grafts. -

An alternative émbodimerit of this ifivention would be to maintain a

' straight trunk throngh the bifurcation region'and then taper the legs either out or -

in to maintain a constant downstream diameter. .

The flexible tubular structure 18 is preferably made of a tube of woven
polyester fabric. Although polyester is presently preferred, other materials may
be utilized for the flexible tubular structure 18. Such materials include but are
not limited to expanded polytetrafluoroethylene (ePTFE), coated polyester,
porous polyurethane, silicone, and spun or woven polymeric fibers. One of
skill in the art of biocompatible grafts will readily identify other materials
suitable for application in the construction of the flexible tubular structure 18. It
is preferred that the tubular structure be made of a material which is porous,
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thereby allowing tissue ingrowth into the graft material and/or formation of an
intimal layer, although for some applications it may be desirable to make the

-tubular structure of a fluid impervious material.

Preferably, the fabric is woven into the tubular éonﬁguration, thereby

eliminating seams or other internal protmsio‘né which could interfere with blood

“flow or form locations for thrombi to occur. By empioying a flexible fabric for

the tubular structure 18, the fabric will readily fold to accommodate radial
contraction of the graft, such as is necessary for intraluminal introduction of the
graft. | |
~ Inapreferred embodiment of the present invention, the fabric tubing of
the graft and the wireforms therein can be over-sized with respect to the first
balloon used to expand the bﬂlwn—expandable wireforms. Due to the fact that
there is a small amount of recoil that occurs in the balloon-expandable
wireforms after expansion, it may be desirable to re-exf:and these wireforms to
more accurately retain the graft within the vessel. If the fabric tubing of the
graft and the wireforms have a diameter which is larger than the post-recoil
diameter of the wircforms after their first expansion, the physician can use a -

~ second, larger balloon to re-expand or over-expand the balloon-expandable:

wireforms such that upon recoil of the wireforms their diameters are of the
proper size for opﬁmum retention of the graft within the vessel.

This feature enables a surgeon to optimize the fit of a graft within a
vessel without having to remove it and replace it with another. That is, a graft
which upon first balloon-expansion may not sufficiently engage with the wall of
the vessel, may be subsequently over-expanded to optimize the fit therein. For
miample, the fabric tubing of the graﬁ may have a diameter of 24 mm, while the

- balloon-expandable wireforms have a diameter of 24 mm. The graft is first

inflated to 23 mm and the wireforms will recoil to 22 mm. If the physician
chooses to further expand the wireforms and more optimally retain the graft in
the vessel, the physician will bring in a larger balloon which inflates to 25 mm.
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After recoil, the final witeform diameter will be 24 mm and the graft will be in

(its ﬁxlly opened state.

In accordance wrth a presently preferred embodlment of the invention, a
number of wueforms 20 are provided to furnish siructural rigidity to the graft

| and to secure the graﬂ: within the body lumen As 1llustrated in Figure 1, aortic

graft 10 mcludes two dlﬂ'erent types of wn'eforms balloon-expandable

| . wu'eforms 30 and self-expandmg wxreforms 32. This preferred embodiment
_ mcludes three balloon expandable wxreforms 34, 36, and 38, which are woven

mto the fabnc but positioned pnmanly on the mtenor of the fabric in the trunk

_ reglon 12 and a single balloon-expandable w1reform 40 posmoncd on the

| . . exterior of the fabric at the distal end of the trunk region 12. A self-expanding

15

20 .

25

leg 16.

. w1refonn 42 is attached to the outsrde of the fabnc at the septum region 28 with
a se]f-expandmg wneform 44 posmoned on the dlstal end of the contralateral

leg 14 and another self-expandmg wrreform 46 at the dlstal end of the ipsilateral

The balloon—expandable wnefoms 30 of the present 1nventlon are

_preferably made of an alloy of carbon, srheon, phosphorus, sulphur, chromium,
; nickel, berylhum, cobalt, iron, manganese and molybdenum whrch is sold under
- the ELGILOY n'ade name by Elglloy, LP. of Elgm, Illmors, U.S.A. Other
. _-matenals whrch may be utlhzed in makmg the w:reforms 30 include a nickel

and titanium alloy : sold under the NITINOL trade name, stainless steel, and
other brocompatrble, 1mplantable metals. The w1res used in manufacturing the
balloon—cxpandable wireforms 30 of the present invention are prcferably about

- 0.012 mches in drameter

Preferably, each of the balloon-expandable wrreforms 30 is similarly

- conﬁgured witha curvrlmear geometry such as the closed smusordal-hke wave

geometry illustrated in Fl_gure 1, with altemating crests 50 and valleys 52 which
define an amplitude 54. The amplitude 54 of a wireform is thus defined as the
longitudi'nal distance between a crest 50 and an adjacent valley 52. In this
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preferred embodiment, the amplitude 54 of the proximal wireform 34 in its
expanded state is approximately 0.103 inches.

The balloon-expandable wireforms 30 are preferably configured with a
plurality of intermediate segments 56 which are connected by corresponding

crests 50 and valleys 52. The crests 50 and valleys 52 are formed with a radius

which, in this preferred embodiment; is about 0.025 inches. -

Preferably, the intermediate segments are positioned at an angle with
respect to each other of greater than about 90 degrees in order to provide
greater wireform rigidity, reduced wireform recoil and increased anchoring
force. To those ends the intermediate segments are more preferably positioned
at an angle with respect to each other from a range of about 100 degrees to-
about 135 degrees. Most preferably, the intermediate segments are positioned at
an angle with respect to each other from a range of about 120 degrees to about
125 degrees.

For example, in the most preferred embodiment, the crests 50 and- - -
valleys 52 of the balloon-expandable wireforms 30 are configured by obtaining
annealed ELGILOY wire having a diameter of preferably about 0.012 inches
and wrapping the wire around a pin having a diameter of 0.050 inches, thereby
defining a plurality of adjacent, intermediate segments 56 positioned at an angle
with respect to each other of from about 120 to 125 degrees. Thus, the
amplitude of the intermediate segments 56 of the proximal wireform 34 in its
expanded state (i.e., excluding the radius which defines the crests and valleys) is
about 0.103 inches. In this presently preferred embodiment, each balloon-
expandable wireform 40 has eight crests 50.

An alternative method for constructing the balloon-expandable
wireforms 30 is to configure the wireforms in a true sinusoidal-like pattern. By
constructing the wireforms 30 according to this alternative method, the angle
between adjacent intermediate portions is about 120 to 125 degrees, thereby
maintaining the number of crests on the wireform to eight.. Alternatively, the
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balloon-expaodable wireforms are configured such that they are continuously
curvilinear as illustrated by Figure 1B. This conﬁnuously curvilinear shape 48
primarily serves to reduce stress on the vnreforms when the aortic graft is in its
first, compressed state. One of skill in the art will be familiar with other
methods for manufacturing balloon-expandable wireforms w1thout departing
ﬁ'om the teachmgs of the present invention.

Because the wire has been annealed, it will readﬂy plastically deform to
maintam its configuration. Thus, the wireform may b_e_pla_st:cally deformed
between the radially collapsed position and the ;‘adially-expanded position of

_ Figure 1. The wireforms are, therefore, not resilient to any substantial extent,
requiring them to be physically expanded into contact with the internal wall of

the aorta via a force other than their own resilience. Further, there is some

amount of recoil after ba]loon-expansion of the winjeforms, which will be

dlscussed in more detail below.

The balloon-expandable wireforms 34, 36, and 38 which are positianed
along the ptoxlmal portlon of the tmnk 12 of the gtaﬂ are preferably secured to
the fabnc graft matenal by weavmg the wireform through the fabric material.
The wn'e is woven: through the fabnc such that the distal tip of the valley of each

_ wireform extends through the graft and is posmoned on the outside of the fabric
_ struc_ture 18. Th_e weaving is accomplished by initially configuring an elongated

piece of wire into the predetermined curvilinear configuration. With the wire so
configured, it may be manually woven through the fabric structure 18 until the

- wire.extends around the entire circumference of the fabric structure 18. The

wire is woven such that it is primarily positioned along the interior of the fabric

tube, with only small segments of wire exposed to the outside of the tube.

The wireform is woven into the fabric tube such that when the wire

extends around the entire periphery of the fabric tube, the free ends of the wire
protrude from the tube at positions adjacent to each other, thereby enabling a tail

segment 62 to be defmed by the free ends. The loose ends are preferably held
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together with a crimping sleeve 64 positioned over them. After crimping the

-sleeve to secure the ends to each other and thereby complete the circular

configuration of the wireform, any portion of the wires extending beyond the
ends of the sleeve may be trimmed to cleanly finish the tail segment 62. Itis

_preferable that no portion of the wire extend beyond the edge of the crimping

.sleeve to eliminate the possibility of the wire cutting or piercing the lumen wall.

As illustrated in Figure 1, the tail segments are positioned on the
outside of the fabric layer 18 and extend below the longitudinal position of the
other valleys 52 of the wireform. Thus, the most proximal wireform 34 of

‘Figure 1 includes a tail segment 62 extending in the distal direction below the

level of adjacent valleys 52. Although this configuration is preferred, one of
skill in the art will appreciate that the wireforms 30 may be formed in two parts

- with two tails positioned on opposite sides of the graft.

* The tail segments 62 of the balloon-expandable wireforms 30 are
preferably configured to extend substantially flat against the fabric layer 18, i.e.,
substantially parallel to the longitudinal axis 60 of the graft. With the tail
segments so configured, the risk that the tail segments will penetrate or damage
the wall of a lumen with which it comes into contact will be substantially
reduced. : _ ' :
The proximal wireform 34 is positioned with respect to the upper edge

.- of the fabric layer such that approximately one-third of the wireform extends

beyond the edge of the fabric layer. The wireform is positioned to extend above
the edge of the fabric layer to prevent any portion of the fabric layer from
oscillating, or “flapping,” in response to the flow of blood past the edge of the
graft. As an additional measure to prevent such fabric oscillation in the blood
stream, the edge of the fabric is configured with V-shaped notches
corresponding generally to the valleys 52 of the proximal wireform 34. Thus,
the risk of the existence of any loose fabric which could potentially be affected
by the passing flow of blood is substantially reduced. -
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In an alternate embodiment of the present invention, the proximal-most
balloon-expandable wireform is preferably configured to have a diameter in its
expanded state which is slightly larger than that of the portion of the fabric
tubular structure into which it is weaved. '_I'hus, mn the illustrated embodiment in

- which the proximal opening of the fabric portion of -t_he graft has a diameter of

22 mm, the proximal wireform 34 is configured with a diameter of 24 mm. By
configuring the wireform to he slightly larger than the fabric into which it is
woven, the fabnc ‘will be maintained i in a constant state of slight tension upon
expansion of fhe wireform, thereby reducing the poss1b111ty of the fabric folding
or oscillating in response to blood flow through the graft.

Wn’eforms 36, 38 are positioned adjacent the proxunal wireform 34 and
are spaced apart ﬁ'om each other such that the wueforms do not interfere with
each other in elther a radlally expanded or contracted state. Thus; for example,
ina preferred embodlment the valleys of wrrefonn 34 are located proximal of
the crests of w1rcform 36 The w1reforms 34 36 38 are also al1gned “in phase,”
w1th peaks along one longltudmal lme and adJacent valleys aligned along a

~second longltndmal lme, thereby ﬁ.lrther reduelng the possrblllty of overlap of

adjacent wxreforms (Whlle there may be some overlappmg of the tail segments
62 with an adjacent wrreform, because the tall segments extend on the outside of

the fabnc layer and the adJacent w:refonn is pnmanly on the inside of the fabric

Jlayer, a small degree of overlap with an a_djaee_nt w1reform does notpose a

problem.) _ _
- In addltlon adjacent balloon-expandable wueforms are not eonnected

to one another. This coupled with the in-phase conﬁguratlon of the wireforms

‘maximizes flexibility of the aortic graft without penmttmg deleterious kinking,

which is of primary importance in the often tortuous paths of the abdominal
aorta and iliac arteries. _ _
The proximal three wireforms 34, 36, 38 are preferably positioned as

close to each other as possible without overlapping. In this embodiment, the
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wireforms 34, 36, 38 are positioned along the length of the graft about every 4.0
mm By minimizing the space between the proximal three wirefo_rms 34, 36,
38, the force exerted against thé wall of the body lumen is enhanced. Thus, to
the extent that the lumen sunomﬁing these three wireforms is healthy and not
expanded due to the aneurysm, the wireforms 34, 36, 38 will all assist in

-achieving a frictional interface with the proximal end of the graft in the lumen.

The distal balloon-expandable wireform 40 is configured similarly to
the other balloon-expandable wireforms 34, 36, and 38 in that all are generally
cfrcu_lar in cross section. : .

_ The distal balloon-expandable wireform 40 is attached to the fabric
structure 18 in a different manner from the other balloon-expandable wireforms.
Instead of being woven into the fabric structure 18, distal wireform 40 is
attached to the fabric by tying it to the fabric with polyester thread. Other
biocompatible threads may also be employed for securing the distal wireform 40
to the fabric tubular structure 18. In this preferred embodiment, each crest 50 of
distal wireform 40 is secured to the fabric. Each intermediate segment 56 of

. distal wireform 40 is also preferably tied fo the fabric at a point approximately

midway between the crest 50 and an adjacent valley 52. Although in this
preferred embodiment, wireform 40 is tied to the fabric structure with a thread,
one of skill in the art will readily identify other attachment methods. Adhesives,

. for example, may be successfully employed in accordance with the teachings of

the present invention.

Distal wireform 40 is preferably positioned in the transition region 66
to aid in keeping the graft open. In this preferred embodiment, the distal
wireform 40 is located approximately 15 mm below the proximally adjacent
wireform 38. By positioning the distal wireform 40 in the transition region 66,
it will generally be located within the aneurysmic sack when the graft is
properly implanted within the lumen of a patient. Consequently, the distal
wireform 40 will not engage the wall of the lumen and serves only to provide
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structural rigidity to maintain the graft open at the transition region 66. Thus, it
- 'is preferable that the distal wireform 40 be positioned along the outside of the
fabric structure whereas the other balloon-expanidable wireforms are primarily
located inside of the fabric stricture. With the wireform 40 on the outside of the
s fabric structure, the wireform does riot interfere with blood flow through the
graft, In addition, it can not be inadvertently snagged from the inside as modular
* components are introduced into the luen of ﬂxe'biﬁl;eated graft,
In addition to the balléon-expéndable wireforms 30 discussed above,
the graft 10 of the present invention also includes a number of self-expanding
10  wireforms 32. The configuration of each of the self—expandmg wireforms 32 is
naturally biased towards an expanded state, sich as th_at illustrated in Figure 1.
* The self-expanding wiréforms 32 may be made of the same base material used
in the construction of the balloon-expandable wirefoﬁns 30, although the
* method of manufacturing may differ. Thus, ELGILOY wire is preferred witha
15 - number ‘of other matetials acceptablé for such use. '
: * As illustrited in Figuré 1, the self-expanding wiréforms 32 employed in
- the graft 10 of the present invention have a generally curvilinear configuration
 havirig loops which define crests 70 and valleys 72. Furthet, the intermediate
 ‘sections 74 are not straight, but have an'“S” shape along their length. -
20 " The self-expanding wireforms 32 are constricted by obtaining cold
- worked ELGILOY wire having a diameter of preferably abotit 0.012 inches and
wrapping it around a cylindrical form 78, such as that illustrated in Figure 1A,
having primary pins 80 positioned to form the loops which define the crests 70
- and valleys 72 of the wireform, Two secondary pins 82 are positioned adjacent
25  each primary pin 80 to aid in defining the loops‘'and conﬁgunng the “S” shape
' in the intermediate region 74 of the wireform. ' '
The wireform is thus positioned about the entire circumference of the
‘forin 78 and the ends may be fitted with a crimping sleeve while positioned in
“an overlapping configuration. ‘With the wireform thus configured on the form
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78, the wireform and form are placed in an oven heated to about 500 degrees

centigrade for about 3.5 to about 5.0 hours. By thus heat treating the self-
expanding wireform 32, the wireform will develop a memory corresponding to

the shape in which it is positioned on the form. . Thus, the wireform may be

-elastically deformed, such as by radially compressing the wireform for

intraluminal insertion into a patient, and, when released, will resiliently return to
the shape it had during the heat treatment.

As an alternative method for constructing the self-expanding wireforms
32 of the present invention, a form comprising a flat surface (not illustrated)
with a similar pin configuration may be utilized. After heat treating the
wireform, the ends of the wireform may be attached, thereby forming the
wireform into its cylindrical configuration, according to any of those methods
described above. _

As the self-expanding wireforms resiliently move between their
expanded and contracted positions, tension is applied to the outer portion of the

_resulting wireform loop and a corresponding compression results on the inner:

portion of the wireform loop.. Thus, the pins 80, 82 of the form 78 are selected
to have a radius such that the resulting tension and compression on the loop stay

“below the yield point of the wire. It has been found that for the preferred

embodiment of the self-expanding wireforms 32 illustrated in Figure 1, a pin

~ diameter of about 0.070 inches is satisfactory and presently preferred.

The self-expanding wireforms 32 are advantageously configured such
that the intermediate regions 74 of the wireforms are in an “S” shape. As the

-wireform moves between its expanded and contracted positions, the elastic

deformation which occurs to accommodate such movement is spread
substantially evenly throughout the entire length of the wireform.
Consequently, the entire length of the wireform acts as a spring to help restore
the wireform to its original configuration after radial compression. Thus, the

elastic deformation is not concentrated solely in the loops defining the crests
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and valleys of the wireform, but is also absorbed by the intermediate segments.
This reduces the potential for exceeding the yield point of the wire at the crest
and valleys of the wireform, which would cause plastic deformation and prevent
the wireform from functioning as intended.

5 With the self-expanding wireforms 32 formed according to one of the
methods described above, they may be attached to the fabric tubular structure 18
of the graft-10. Attachment of the self-expanding wireforms 32 is preferably
accomplished by tying the crests 70 and valleys 72 to the fabric, as illustrated in
Figure 1. It is presently preferred that each crest and valley be tied in five

10 . separate locations around the penmeter of the loop deﬁnmg the respective crest
orvalley. )
'The self-expanding wireforms 32 are designed to have an initial
- expanded diameter which is slightly larger than the di_emeter of that portion of
the graft where they are to be positioned;” It is presently preferred that the
15  wireform be about 2.0 mmlarger in diameter than the cross section of fabric to
- which itis attached. By configuring the wireform with such a relative diameter,
" the self-expainding wireforms 32, whén fully expanded, maintain the fabric
- structure to which they are attached in a state of slight tension; thiereby ensuring
that the fabric structure (defining the artificial lumen) is fully open.
20 Further, the distal self-expandable wircforms exert a radially inward force
" against the balloon-expandable portions of the graft extensions engaged
therewith, as will be described in more detail below with respect to the
- discussion of placement of the graft extensions. ' '
' ‘When designing the wiréform, it must also be recognized that the
25  wireform will lose about five percent of its recoil ability after being radially
compressed into its state of reduced diameter and subsequently expanded.
Thus, for a wireform which is to be positioned at the distal end of either
the 13 mm diameter contralateral leg 14 or ipsilateral'lieg 16, the wireform will
- initially be desigﬁed to have a diameter of about 15.7 mm. After the wireform
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has been radially compressed and subsequently expanded in a body lumen, it
will expand to a diameter of about 14.5 mm — slightly larger than the 13 mm
fabric lumen provided at the leg, as desired.:

The most proximal sclf-expanding wireform 42 is positioned'at the
septum region 28 of the graft. Wireform 42 thus acts to maintain the septum
region 28 of the graft open as blood flows through the graft. In this preferred
embodiment, the proximal self-expanding wireform 42 is located about 6 to 10
mm distal of the adjacent balloon-expandable wireform 40.

As illustrated in Figure 1, at the septum region 28 of the aortic graft, the
ends of self-expanding septum wireform 42 are secured in crimping sleeves 84,
85. These crimping sleeves are of an outer diameter such that they provide a
second function as radiopaque markers. li has been found that for the preferred
embodiment of the crimps - 84, 85 illustrated in Figure 1, an outer diameter of at
least 0.036 inches is satisfactory and presently preferred. The configuration of

- these crimping sleeves aids in proper orientation of the aortic graft and

confirmation of the location of the septum within the abdominal aorta. The
wireform 44 on contralateral leg 14 and wireform 46 on ipsilateral leg 16,
similarly include crimping sleeve 86.

Each of the self-expanding wireforms 32 is positioned exteriorly of the
fabric tubular structure 18, thereby avoiding interference with blood flow within

the graft, and- preventing the wireforms from being inadvertently snagged from

the inside as modular components are introduced into the lumen of the
bifurcated graft. Additionally, the attachment of graft extensions to

. contralateral leg 14 and ipsilateral leg 16 (explained below) is facilitated by

having the wireform positioned on the outside portion of the fabric leg.

The graft 10 is further configured with laterally extending
reinforcement wires 90, disposed on each leg 14, 16. The wires 90 are
preferably made of the same base material as the wireforms. The wires 90 are
positioned on each leg 14, 16 and extend generally from a valley 72 on
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wireform 42 to a corresponding crest 70 on a respective one of wireforms 44
and 46. As illustrated in Figure 1, the reinforcement wires 90 are tied onto the

 fabric structure 18 in a similar manner as are wireforms 32, taking care that the

wire 90 does not longitudinally cross into any of the wireforms. The
reinforcement wire 90 keeps the legs of the wireform from folding or buckling.

' These two longitudinal wireforms 90 are also provided with radiopaque
crimps 91 which assist in the placement of the extensmn grafts within legs 14
and 16. o :

'C.  Main Catheter Assembly
The main catheter assembly is utilized to place the aortic graft described above,

- which is 'corxipressed and loaded onto the distal end of the main catheter

assembly as will be described in more detail below. A main catheter assembly
useful in the pra_etice of the present invention is described in co-pending U.S.
Patent Application Serial No. 08/713,070 filed on September 12, 1996,

- 'prevmusly mcorporated herem by reference hereinabove (the *070 Apphcatlon)

“The sheath assembly 132 is utilized to facilitate the operatlve placement
of the main catheter assembly. As such, ‘the main catheter assembly is sized

- such that it will fit inside the introducer sheatti 134.

The pnmary components of the mairi catheter assembly 180 may be
observed by 1 reference to Flgures 4and 6. The catheter assembly of the present

- invention comprises a rigid loader 200 which is used to facilitate the operative

coupling of the catheter assembly to the introducer assembly during use of the
present endovascular.delivery system, as will be described in more detail with

- reference to Figures 9B and 9C. The loader comprises an elongate tube 202

including a lumen, a proximal end, and a distal end which is defined by a-
reduced diameter distal section. ‘An internally threaded connector nut 204 is
attached to the distal portion of the elongate tube. - '

The catheter assembly is oooperativeiy engaged and secured to the head

. of the introducer sheath assembly by initially inserting the distal section of the
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loader into the valve head of the sheath assembly subsequent to the removal of
the dilator from therewithin. Figure 7A illustrates insertion of the main catheter
assembly into the valve head of the sheath assembly. More particularly, the
distal section of the loader 200 is extended into the threaded connector 144 of
the valve head 136 with the connector nut being threadably engaged to the
externally threaded proximal portion of the threaded connector 144. Figure 7B
illustrates the connector nut 204 connected to the valve head 136 of the sheath
assembly 132.

The loader and corresponding receiving portion of the valve head are
preferably formed of rigid material such that the loader will seat correctly within
the interfacing portion of the valve head without flexing or distortion thereof.
This ensures proper positioning and registry of the loader and the valve head

~ relative to each other. Furthermore, the ability of the loader to be positively
. engaged, that is, locked by threadable engagement of the nut to the valve head
~ of the introducer assetrib]y; also facilitates and maintains proper registry and-

positioning of the loader relative to the introducer assembly. -
- The catheter assembly of the present invention further includes a_

.. proximal connector assembly 206 (Figures 4 and 6). The proximal connector

. assembly includes a pusher connector 182, which is preferably a Y-connector.
“The proximal connector assembly 206 further includes a tubular body 210

.. having a lumen extending longitudinally therethrough that is nltimately in fluid

- communication with the interior of the balloon 194. ‘A tubular side arm 214,

which communicates with the lumen of the tubular body, is connected to the
tubular body and extends angularly therefrom. A stopcock 218 on the end of
the tubular side arm 214 permits valving of the balloon inflation lumen. The
proximal connector additionally comprises a Y-connector 208 and a contrast
connector 212. .

. The main catheter assembly 180 further comprises an elongate, tubular
pusher body 184. The pusher body 184 includes a distal end 186, a proximal
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end 188, and a lumen extending longitudinally therethrough. The outer diameter

of the distal section slightly exceeds that of the remainder of the pusher body.
The proximal end 188 is operatively connected to the pusher connector 182,

- which along with the pusher body, will expel the loaded aortic graft to leave it

in place within the aorta as will be described in more detail below with respect

“to the preferred method of the present invention. -

The main catheter assembly of the present invention further comprises
an elongate catheter with a coaxial tube construction. As illustrated in Figure 6,
the elongate coaxial tube catheter comprises an elongate outer tube 190 and an
elongate inner tube 192. The outer catheter defines a _distal end, a proximal end,

" and hollow lumen extending longitadinally therethrough. The inner tube is
- smaller in diameter than the outer tube and extends through the lumen thereof.

The inner tube defines a distal end, a proxima]'- end, and hollow lumen extending
longitudinally therethrough. The innér tube is slidably extensible distally and
retractable proximally relative to the outer tube. . :

The main catheter assembly farther comprises an elongate, inflatable

- catheter balloon: 194, illustrated in its inflated configuration in Figure 6. This

inflatable balloon serves to expand the balloon-expandable reinforcement wires
of the aortic graft. When fully inflated; the balloon of the catheter assembly has
a-generally uniform, cylindrical configuration." B

- ‘The balloon includes a distal end which is attached to a tubular sleeve
portion 196 of the inner tube 192, and a proximal end which is attached to the
outer tube 190. In turn, the extension of the inner tube distally relative to the
outer tube facilitates the longitudinal stretching of the balloon. The catheter
also includes a spacer clip 198 which allows the balloon to be extended or
lengthened after deflation thereof to facilitate withdrawal of the balloon and
catheter from the expanded aortic graft. The inner tube is initially oriented in a

. first retracted position relative to the outer tube. The balloon is inflated only

when the inner tube is in its retracted orientation. .-
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Subsequent to being deflated, the balloon is preferably stretched
longitudinally by the distal advancement of the inner tube of the catheter
relative to the outer tube thereof. More particularly, the inner tube is moved
from its first, retracted position to its second extended position. The movement

5 of the inner tube from its retracted position to its extended position to stretch the
balloon is facilitated by tightly grasping the balloon and contrast connectors of
the proximal connector assembly, and subsequently pushing the contrast
connector distally toward the balloon connector. Since the outer tube is rigidly

- attached to the balloon connector and the inner tube is rigidly attached to the
10 contrast connector via the sheath, movement of the contrast connector toward
the balloon connector results in a slideable advancement of the inner tube
distally within the outer tube. As a result, the attachment of the spacer clip to
the exposed portion of the sheath prevents the contrast connector from being
moved distally toward the balloon connector. ‘While the spacer clip is in its
15  operative position upon the sheath, the balloon cannot be longitudinally
stretched in that the inner tube is prevented from moving from its first, retracted
position to its secorid, extended position. Once the spacer clip is detached from
the sheath, the balloon and cbntrast connectors are no longer maintained in
spaced relation to each other so that the contrast connector can be pushed
20  distally toward the balloon connector, thereby facilitating the distal
" advancement of the inner tube to its extended position and the resultant
‘stretching of the deflated balloon.

The downstream end of the graft ipsilateral leg is trapped between the

distal section of the pusher body and the balloon catheter shaft. This facilitates
25 reorientation of the graft during deployment, if desired.

D.  Main Graft Deployment '

The method for using the main catheter assembly following the
withdrawal of the dilator from within the sheath assembly will now be

- described. Initially, with reference to Figure 10A, the main catheter assembly
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180 is inserted over the primary guidewire 128:and into the sheath assembly
132. The distal connector nut 204 is connected to the threaded sleeve portion of
the valve head 136. S :

With reference to Figures 10A and 10B, the main catheter is then
advanced over the guidewire 128 and within the sheath 134 such that the distal-
most portion extends from the sheath tip portion 138, and above the renal
arteries 106, 108. To accomplish this, the pushicr body 184 (Figure 4) is distally
advanced through the lumen of the introducer shieath 134 until such time as the

. collapsed graft 10 protrudes from the distal end of the sheath 138. More

specifically, as seen in Figure 10B, the distal end 194a of balloon 194 and the

‘inner catheter 192 protrude from the sheath 134. The precise positioning of the

main catheter in this manner is facilitated by observing under fluoroscopy the
relative positions of a contrast marker associated with the balloon distal end
194a and the radiopaque marker 139:in sheath tip portion 138. The two

~ radiopaque markers 139, 194a are brought togéther, with the combination being

relatively located with respect to the rénal arferies.
The position of the sheath 134 across the aneurysm 114 permits the

- shielded introduction of the main catheter with balloon 194 and graft 10 thereon

into the proper implantation position. In other words, the surrounding sheath
134 shields the advancing catheter and the otherwise expanded and irregularly

- shaped graft 10 from blood flow resistance. Moreover, the sheath 134 protects

the graft assembly from contacting the vessel walls to prevent potential snags.
In short, the initial positioning of the sheath upstream of the location at which
the graft will be finally implanted ensures that the expanded graft will only have
to be displaced downstream into its final location, which is in the direction of
blood flow and thus this operation is substantially easiér to effectuate and is also
less prone to inflict damage on the vessel walls.

Once the graft 10, still within the sheath 134, is positioned upstream
from its final location the sheath is removed. Figures 10C and 10D illustrate
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" this operation. To accomplish this, the pusher body 184 (Figure 4) is held

stationaty as the sheath 134 is withdrawn from the main catheter to a position
just downstream from the graft 10. Desirably, as seen in Figure 10D, the sheath
134 is withdrawn so that the tip portion 138 is just downstream from the longer
of the contralateral leg 14 or ipsalatéral- leg 16. In the case of an enlarged.
aneurysm 114 as shown, the tip portion 138 will still be within the aneurysm.
As the introducer sheé,th assembly is withdrawn, the self-expanding wireforms
42,44, & 46 (Flgure 1) in the aortic graft expand within the aneurysm sack,

 while the bal]oon—expandable wireforms 30 maintain a subsmnhally compressed

conﬁguratlon _

A final step of positioning of thé graft 10 may be required. That is,
removal of the sheath 134 from over the graft 10, as seen in Figure 10C, may
leave the distal end of the graft (and distal end of balloon 194a) upstream of the
renal arteries 106, 108. (In some instances, removal of the sheath 134 will, by

friction, pull the main catheter and graft 10 along with it, though the surgeon is

instructed to maintain the catheter position with the pusher body 184. In this

- respect, the initial positioning of the distal end of the entire assembly upstream

of the renal arteries is intended to provide some margin for downstream
movement of the catheter). If the contrast marker at the balloon distal end 194a
remains upstream of or adjacent to the renal arteries 106; 108, the main catheter
is then withdrawn further downstream to reposition the balloon distal end just
downstream of the renal arteries. This final position is seen in Figure 10D. The
inflation balloon 194 can be seen in outline inside of the aortic graft 10. The
final displacement of the expanded graft 10 downstream is with the blood flow
and thus does not require much force

' As seen in Figure 10D, the graft 10 is sized such that the distal end (as
carried on the catheter) thereof protrudes beyond the upstream boundary of the
aortic aneurysm and into unaffected region of the abdominal aorta 100.
Locating the distal end of the graft 10 just below (downstream from) the renal
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arteries 106, 108 ensures the maximum length of oontact between the eventually
expanded graft 10 and the unaffected abdommal aortle wall. The contralateral

leg 14 and lpsalateral leg 16 of the graft 10 extend into the aneurysm 114, and,
as will be detailed below, extensions thereto are used to continue their

respectlve lumens at least to the unaffected regxons of the iliac arteries 102, 104.

- As seen in Figures 11A and 11B, the balloon 194 is then inflated via the
be]loon connector. The m_ﬂauon/pres_sunzatlon.of the balloon causes radial
expansion of the trunk portion 12 of the graft 10 from its initial, collapsed
orientation, to its second, _expanded_orientation. Due to the configuration of the
balloon when fully inflated, the radial expansion of the trunk portion 12 to its
second, expanded orientation is uniform. - In this: respect, the expansion forces
applied to the op_posed ends of the trunk portion 12 by the balloon are equal to
those applied to the remainder thereof. ‘This uniform application of expansion

- forces to the trunk portion12 facilitates the tight engagement of the opposed
. ends thereof to the luminal surface of the aorta. Preferably, the balloon i is

inflated for 30 secondstoa pressure of about 2 atmospheres Flgure 1 IA for
example, rllnstmtes inflated halloon 194 within the expanded aortic graft 10 (in

. outline). Further, as 1llustrated in more detail in Figure 11B, balloon 194 may
be shghtly oves-srzed (represented by the aITows pointing outwardly from the

balloon) to. force aortlc graft 10 into optlmal engagement with the aortic wall,

.especlally given th_e tendency of the wlreforms to reeo_rl. inwardly slightly after
expansion. When the graft is fully expanded, the opposed ends thereof

frictionally engage the luminal surfaces of unaffected regions of the aorta.
. After the graft has been radrally expanded in the aforementloned
manner the balloon is deflated and removed from w1thm the sheath 134. As

,1llustrated in Figure 12A, the balloon 194 is deflated and the stopcock 218 is left

open to room air to equahze negative pressure. When the balloon 194 is
deflated it may not return to its mmal uninflated onentatlon due to rigidity of
the balloon material. Rather, the diameter of the main body portion of the
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deflated balloon may remain substantially the same as when the balloon is fully
inflated, or may otherwise continue to protrude in 2 manner that could
complicate subsequent retraction and removal of the delivery catheter.
To prevent the deflated balloon 194 from inadvertently catching on or
5  interfering with the radially expanded graft 10 during the withdrawal of the
balloon from within, the balloon is longitudinally stretched prior to the
withdrawal of the main catheter from within the graft as seen in Figure 12B. As
previously explained, such stretching of the deflated balloon is accomplished by
distally advancing the inner tube 192 of the main catheter relative to the outer
10 tube 190 thereof. Such movement of the inner tube is facilitated by tightly
grasping the balloon and contrast connectors of the proximal connector
assembly with the spacer clip removed, and subsequently pushing the contrast
connector distally toward the balloon connector, which pushes the distal end of
the balloon in the direction indicated by the arrow 216 in Figure 12B. A
15 vacuum may be pulled through stopcock 218 to completely deflate the balloon
. 194, o : .
. The main catheter with the now deflated and stretched balloon 194 is
then withdrawn slowly and carefully from the aortic graft and into the
introducer sheath as illustrated in Figure 12C. Once the main catheter assembly
20 . has been proximally retracted into the introducer sheath 134, it is withdrawn
from within the patient’s body as indicated by arrow 217. The aortic graft 10
. remains in place within the abdominal aorta with the introducer sheath 134 still
in position just downstream thereof, and the primary guidewire 128 extending
therethrough. It should be noted that the blood flow down the abdominal artery
25 100 now flows completely through the graft 10; that is, through the trunk 12 and
two legs 14 and 16. Attachment of the extensions inside the legs must adapt to
this flow, as will be described below.
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E. - Extension Grafts - _
As previously described hereinabove, the downS&M' end of the aortic

. graft 10 is bifurcated with a septum region 28 separating the ipsilateral leg 16

from the contralateral leg 14. ‘Two additional graft portions are adapted to
extend into the respective 1hac arteries and to form a fncuonal engagement with
the ipsilateral and contralateral legs of the aomc graft.

' These extension grafts typically compnse stratght or tapered cylindrical
tubes, with an upstream end having a common dtameter whrle the diameter of
the downstream ends can vary depending on the anatomy of the patient. The
upstream ends interlock wrth the respectlve downslream portrons of the aortic
graﬁ. By fixing the dtameter of the upstream ends of the extension graft and the
downstream ends of the btﬁtrcated aortic graﬁ, a consrstent mterface and
interlock can be achteved regardless of the patlents anatomy The diameter of
the downstream end of the graﬁ extensrons can be provrded in varying
drameters $O as to suit the drameter of the 111ac artety mto which graft portions
are being unplanted The change in dlameter can be provrded by a short step-
down portton ora step-up portron or. by a regron of taper extendmg along a
length of the graft portion. - L '

- Tuming now to Frgure 2 one preferred embodrment ofa graft

-extensron 170 1is deprcted The graﬂ; extensron compnses an upstream portron

172 a downstream portion 174, -and a lumen running the length thereof.

In a preferred embodiment the graft extension 170 is configured from a
flexible tubular 175 structure which is reinforced by wireforms 176 extending
circumferentially around the tubular structure. The flexible tubular structure is
foldable end the wireforms are radially compressible and expandable. Thus, the
extension graft is configured to move between an insertion diameter, in which
state the graft may be inserted through a femoral and iliac artery and into one of
the bifurcated legs of the aortic graft, and a larger, expanded diameter
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(illustrated in Figure 2) in which state the graft may be secured within the aortic
graft. '

In the expanded state illustrated in Figure 2, the extension graft 170 is
generally cylindrical and may be configured to be a variety of sizes, one of.
which is selected according to the size of the iliac artery of the patient into
which the extension graft is to be implanted.

The flexible tubular structure 175 is preferably made of a tube of woven
polyester fabric. Although polyester is presently preferred, other materials may
be utilized for the flexible tubular structure 175. Such materials include but are

-not limited to expanded polytetrafluoroethylene (ePTFE), coated polyester,
_ porous polyurethane, silicone, and spun or woven polymeric fibers. One of

skill in the art of biocompatible grafts will readily identify other materials
suitable for application in the construction of the flexible tubular structure 175.
It is preferred that the tubular structure be made of a material which is porous,
thereby allowing tissue ingrowth into the graft material and/or formation of an
intimal layer, although for some applications it may be desirable to make the
tubular structure of a fluid impervious material:

Preferably, the fabric is woven into the tubular configuration, thereby
eliminating seams or other internal protrusions which could interfere with blood

. flow or form locations for thrombi to occur. By employing a flexible fabric for

the tubular structure, the fabric will readily fold to accommodate radial

- contraction of the graft, such as is necessary for intraluminal introduction of the

praft,

In one preferred embodiment of the present invention, the diameter of
the fabric tubing of the graft is over-sized with respect to the wire-forms
therewithin. Upon balloon-expansion of the balloon-expandable wireforms,
there is a small amount of recoil that occurs in the wireforms. The fabric tubing
of the graft therefore can have a diameter which is larger than the post-recoil

diameter of the wireforms. In turn, the wireforms can be over-expanded with a
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second balloon of a different size such that upon recoil, the diameter of the
wireforms is of the proper size for optimum retention of the graft within the

.vessel. This feature enables a surgeon to optimize the fit of a graft within a

vessel without havmg to.remove a too-small graft and replace it with another.
That is, a graft which upon first balloon-expansion may not sufﬁclently engage
with wall of vessel, may be subsequently over-expanded by a second balloon of
a larger size to opnmlze the fit therein. |

In accordance with a presently preferred embodimernt of the invention, a
number of balloon-expandable wireforms 176 are pr_ovlded to furnish structural
rigidity to the graft and to secure the graft within the body lumen. Each of the

balloon-expandable wireforms is similarly conﬁgured witha curvilinear

. geometry such as the closed smusordal-lxke wave geometry illustrated in Figure

| 2A, with alternating crests 150 and valleys 152 which define an amphtude 154,

 The amplitude 154 ofa wueform is thus deﬁned as the longitudinal distance
..between a crest 150 and an adjacent valley 152..

Alternattvely, the balloon-expandable w1refonns are conﬁgured such
that they are contmuously cumlmear, such as the conﬁgutatlon of the wireform
1]1usu'ated by Flgure lB As noted above, tlus contlnuously curvilinear shape 48
reduces stress on the wu'eforms when the graﬂ is m its first, compressed state.

An altemauve method for constructmg the balloon-expandable

. wireforms is to conﬁgure the wrreforms in a true sinusoidal pattern. One of skill

in the art will be familiar with other methods for manufacmnng balloon-

expandable wireforms without departing from the teachings of the present

invention.
The balloon-expandable wireforms 176 are preferably conﬁgured with
a plurality of intermediate segments 156 which are connected by corresponding

_crests 150 and valleys 152. The crests 150 and valleys 152 are formed with a
. radius which, in this preferred embodiment, is about 0.025 inches.
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Preferably, the intermediate segments are positioned at an angle with
respect to each other of greater than about 90 degrees in order to provide greater
wireform rigidity, reduced wireform recoil, and increased anchoring force. To

those ends the intermediate segments are more preferably positioned at an angle

with respect to each other from a range of about 100 degrees to about 135
degrees. Most preferably, the mtennedlate segments are positioned at an angle
with respect to each other from a range of about 120 degrees to about 125
degrees. _
The balloon-expandable wireforms 176 of the present invention are

preferably made of an alloy of carbon, silicon, phosphorus, sulphur, chromium,

. nickel, beryllium, cobalt, iron, manganese and molybdenum which is sold under

the ELGILOY trade name by Elgiloy, L.P. of Elgin, Illinois, U.S.A. Other
materials which may be utilized in making the wireforms include a nickel -
titanium shape memory alloy sold under the NITINOL trade name, stainless
steel, and other biocompatible, implantable metals. The wires used in
manufacturing the balloon-expandable wireforms of the present invention are
preferably about 0.012 inches in diameter.

Because the wire has been annealed, it will readily plastically deform to
maintain its configuration. Thus, the wireform may be plastically deformed
between the radially collapsed position and the radially expanded position of
Figure 2. The wireforms are, therefore, not resilient to any substantial extent,
requiring them to be physically expanded into contact with the internal wall of
the iliac artery and downstream legs of the aortic graft via an extemnal force
rather than expanding by virtue of their own resilience.

The balloon-expandable wireforms which are positioned along the graft
extension are preferably secured to the fabric graft material by weaving the
wireform through the fabric material. The wire is weaved through the fabric
such that the distal tip of the valley of each wireform extends through the graft
and is positioned on the outside of the fabric structure. The weaving is
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 accomplished by initially configuring an elongated pisce of wire into the
* predetermined curvilinear configuration. With ’theWife so configured, it may be
manually woven through the fabric structure until the wire extends around the
- entire circumference of the fabric structure. The wire is woven such that it is
5  primarily positioned along the interior of the fabric tul_:e, with only small
segments of wire exposed to'the outside of the tube.- - '
The wireform is woven into the fabric tube such that when the wire
extends around the entire periphery of the fabric tube, the free ends of the wire
‘protrude from the tube at positions adjacent to each other, thereby enabling a tail
10 ' segment 177 to be defined by the free ends. The loose ends are preferably held
together with a crimpinig sleeve 178 positioned-over them. 'After crimping the
sleeve to secure the ends to each other and thereby 'com'p'lete' the circular
configuration of the witeform, any portion of the wires extending beyond the
ends of the sleeve may be trimimed to cleanly finish the tail segment.
1S+ Asillustrated in Figure 2, the crimping sleeves extend outwardly along
" the external surface of the extension graft and are radially spaced apart.
Preférably, the crimpirig slecves on the upstream portioh' 172 of the extension
* graftface in a downstream direction, thus frictionally engaging with the wall of
 the aortic graft -Body whiicki helps to hold the extension into place. In fact, these
20  upstream crimping sleeves cah actually hook on the interior surface of the
primary bifurcated graft, thus ensuring no longitudinal movement or separation
of the extension graft from the primary aortic graft. The crimping sleeves on the
downstream portion 174 face upstream and may frictionally engage, but not
penetrate, the wall of the vessel lumen within which the device is placed. The
25  crimping sleeves act as radiopaque markers, particularly for aldlng inthe
placement and positioning of the graft extensions. '
The most proximal wireform 168 and the most distal wireform 166 are
positioned with respect to the upper and lower edge of the fabric layer such that
approximately one-third of the wireform extends beyond the respective edge of



- WO 00/76423 PCT/US99/28397

10

15

- 20

25

. blood flow through the graft.

43

.the fabric layer. In particular, the proximal-most wireform is positioned to

extend above the edge of the fabric layer to prevent any portion of the fabric
layer from oscillating, or “flapping,” in response to the flow of blood past the
edge of the graft. As an additional measure to prevent such fabric oscillation in
the blood stream, the proximal and distal edges of the fabric are configured with
V-shaped notches corresponding generally to the valleys 152 of the proximal

. and distal wireforms. Thus, the risk of the existence of any loose fabric which

could potentially be affected by the passing flow of blood is substantially
reduced. _

In an alternate embodiment of the present invention, the proximal-most
balloon-expandable wireform is preferably configured to have a diameter in its
expanded state which is slightly larger than that of the portion of the fabric
tubular structure into which it is weaved. By configuring the wireform to be
slightly larger than the fabric into which it is woven, the fabric will be
maintained in a constant state of slight tension upon expansion of the wireform,
thereby reducing the possibility of the fabric folding or-oscillating in response to

Additionally, the proximal balloon-expandable wireforms on the graft
extension work in concert with the distal self-expandable wireforms on the
aortic graft to hold the graft extensions in place. The balloon-expandable wires
can be expanded slightly beyond the diameter of the distal self-expandable
wireforms. This will canse the distal self-expandable wireforms to exert a
radially inward pressure against the balloon-expandable portions of the graft
extensions, thereby enhancing the frictional interface between them and
providing a tighter seal. _

In a preferred embodiment of the present invention, the wireforms are
positioned adjacent one another and are spaced apart from each other such that
the wireforms do not interfere with each other in either a radially expanded or
coniracted state. Thus, for example, the valleys of one wireform are located
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“proximal of the crests of the next adjacent wireform. Preferably, the wireforms
 are also aligned “in phase,” with peaks along one longitudinal line and adjacent

valleys aligned along a second longitudinal line, thereby further reducing the
possibility of overlap of adjacent wireforms. (While there may be some

‘overlapping of the tail segments with an adjacent wireform, because the tail
" segments extend on the outside of the fabric layer and the adjacent wireform is

‘'primarily on the inside of the fabric layer, a small degree of overlap with an

adjacent wireform does not pose a problem.)
In addmon, adjacent balloon-expandable w1reforms are not connected

1o one another. This coupled with the in-phase :conﬁ'g_i'lraﬁdn of the wireforms
* maximizes flexibility of the aortic graft withiont permitting deleterious kinking,

which is of primary importance in the often torfuous paths of the abdominal
aorta and iliac arteries. ' o
* An important feature of the extension grafts of the present invention is

- the spacing distatice between adjacerit wireforms. ‘It has been discovered in
" " accordance with the investigatioris of the present invention that optimizing the
' spacing distance between the wiréforms improves the balince between kink

resistance and flexibility in the graft extensions. Too much space promotes

‘kinking, while too litfle space defracts from flexibility. These are important
- features in the often tortuous path of the iliac arteries and abdominal aorta in
‘which the graft extensions are to be placed. '

Figure 2A, for example, illustrates in cross-section balloon-expandable
wireforms 176. Preferably the length “L” or separation distance between
adjacent wireforms is'measured from the closest point on each neighboring
wire. For example, in Figure 2A, L is the distance between crest 150 and valley
152. - - -

Further, the graft extensions have a diameter “D” which varies
according to the differently sized extensions. In one embodiment the length L

between adjacent wireforms is preferably less than 2D. In a preferred
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. embodiment the length L between adjacent wireforms will be less than D. In
another preferred embodiment the length between adjacent wireforms will be
less than D and greater than zero. Therefore, the preferred separation distance
depends on the diameter of the graft.

5 _ In a 14 mm graft a preferred separation distance between adjacent
w:reforms that has been found to be acceptable during use is 2.4 to 2.5 mm.
Further, as discussed above, the interface between the upstream portion
of the extension graft and the downstream leg of the aortic graft is preferably
standardized such that the downstream legs and the upstream extensions have
10  the same dimension at their interface, regardless of the diameter of the aorta
. above the aneurysm and the diameters of the iliac arteries below the aneurysm.
F.  Directional Catheter :
The present invention further includes a directional catheter. The
structure of this catheter is substantially disclosed in WO 97/26936, which was
15 - previously incorporated by reference hereinabove. Specifically, the directional
catheter facilitates guidewire access to the contralateral leg of the bifurcated

.graft to allow placement of a contralateral extension graft into the bifurcated

The primary components of directional catheter 220 may be observed

20 by reference to Figure 5. The directional catheter includes a deflecting spring
portion 222, (illustrated substantially deflected). Knob 224 is used to deflect the

_spring portion. Connector nut 226 is provided such that the directional catheter
can be operatively connected with the sheath assembly.
G.  Extension Graft Deployment

25 _ The procedure for attaching the extension tubes will now be described.
With reference to Figures 13A and 13B, the sheath 134 stiffened by a dilator
(not shown) is advanced over the guidewire 128 until the distal tip 138 is
located approximately at the septum region 28. The location of the distal tip
138 is again facilitated by fluoro-visualization of the marker 139 with respect to
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the radiopaque crimping sleeves 84, 85 (Figure 1) on the graft 10. The dilator is
then proximally withdrawn from within the sheath 134, and the directional
catheter 220 advanced distally over the guidewire 128 and within the sheath 134
to project a short distance from the distal tip 138 (Figure 13B).

More particularly, the directional catheter 220 is first inserted over the

primary guidewire thrdugh' the ipsilateral side, for example, through the right

femoral artery 116 and the right common iliac artery 102 in the present case.
Figure 13A illustrates the directional catheter 220 operatively connected to the
sheath assembly 132. The spring portion 222 of the directional catheter 220 is

- positioned such that it is above the septal region 28 of the aortic graft 10.

- ‘Proper positioning of the spring portion to the contralateral side is adjusted by

- rotating or advancing forwards or backwards the'whqlé directional catheter 220
* while under fluoro-visualization. The spring portion 222 is deflected by pulling
* knob 224 in the direction of the arrow in Figure 13A. Figure 13B illustrates the
- deflected spring portion:222 positioned within the contralateral leg 14.

A supplemental guidewire 228 is then advanced through the directional

" catheter 220 and out the deflected spring portion 222 to extend down the

contralateral leg 14 and through the left common iliac artery 104. The

- supplemental guidewire 228 is extended until it is in the left femoral artery 118, -
- at which time the left femoral artery is cross-clamped and a cut-down or

‘percutaneous incision is performed to retrieve the supplemental guidewire. If

the guidewire has not been guided fully along the femoral artery a snare or
similar device can be introduced through the left femotal artery. o grab the
guidewire and draw it back to the puncture or incision site for retrieval.

-~ Asseen in Figure 13C, once the supplemental guidewire 228 is in place
through the left common iliac artery 104 the directional catheter 220 is

- advanced distally through the bifurcated graft 10 and into a position above the

renal arteries 106, 108. The spring portion 222 remains deflected to present a

curvilinear upstream profile. This curved profile enables advancement of the
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- directional catheter 220 without risk of the distal end of the spring portion 222

snagging on the openings to the renal arteries 106, 108. The directional catheter
220 remains in this position while the tubular graft extension 170 is attached to
the contralateral leg 14. A stiffer guidewire 228a is then exchanged with the
supplemental guidewire 228 by conventional methods to extend through the left
iliac artery 104 and within the contralateral leg 14 of the aortic graft.

As illustrated in Figures 14A and.14B, a second introducer assembly
230 is introduced with the help of a dilator 240 over the stiff guidewire 228a in
the manner previously described for the first introducer assembly 130. The
dilator 240 is removed leaving a second sheath 270 in position with its distal tip
272 adjacent the gfaft septum region 28. Again, a radiopaque marker 274 on the
distal tip 272 aligns with the septum region 28 and its radiopaque markers 84,
85 (Figure 1).

As seen in Figure 15A, a second catheter assembly, on which is

.packaged the tubular graft extension 170 is then introduced through the sheath
.270. A pusher body, (not shown but similar to that described above) pushes the

tubular graft extension 170 distally within the sheath 270. Again, this procedure
for advancing a graft upstream with respect to the aneurysm 114 while housed
within the sheath 270 is necessary to avoid difficulties associated with
displacing an irregularly shaped object against the blood flow. It is especially
significant given that the trunk portion 12 has been expanded into contact with
the abdominal aorta 100, and thus the entire blood flow through the abdominal
aorta continues through the graft legs 14, 16. Ultimately, a distal portion 286 of
the inflation balloon extends from the distal tip 272 of sheath 270.

Once the tubular graft extension 170 is in place, the second introducer
sheath 270 is withdrawn (as seen by the arrow 276 in Figure 15B) to a position
within the left common iliac artery 104. After displacing the second introducer
sheath 270, the pusher body is retracted slightly to release the proximal end of
the graft extension 170. Figure 15B illustrates the compressed balloon-
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expandable tubular graft extension 170 in proper position for expansion and
implantation. S N

- As illustrated in Figure 15C, the balloon on the second catheter
assembly is then inflated forcing the upstream portioﬁ of the graft extension 170
into contact with the inner surface of the contralateral leg 14, and downstream -
portion of the graft extension into contact with the inner surface of the left
comon iliac artery 104. As with the inflation balloon 194 for the trunk portion
12 the inflation balloon for the tubular graft extension 170 is first deflated and
then stretched to remove it from within gréft without snagging.

After the tubular graft extension 170 on the contralateral side has been
expanded, the directional catheter 220 in the first introducer sheath 134 is
withdrawn. First, however, the spring portion 222 is straightened to its home
position (Figure 15C) to enable the catheter 220 to be retracted within the sheath

_ As seen in Figure 16A, a third catheter assembly on which is packaged
another tubular graft extension 170’ is then'advanced over the primary
guidewire 128 and through the lumen of the sheath 134 until a distal end 296 of
the inflation balloon projects slightly from the distal tip 138. Again, a
radiopaque marker on the distal eénd of the balloon catheter is used to place it in
registry with the marker.139 on the distal tip 138, Which ‘was previously
registered with the marker at the graft septum region 28.-

 The first introducer sheath 134 is slightly larger than the second sheath
270 because it is sized for passage of the balloon 194 of the first catheter
assembly on which the trunk portion 12 is wrapped. For example, the inner

. diameter of the introducer sheath 134 may be 19 French, while the inner

diameter of the second sheath 270 may be 16 French. As a result, there is some
acceptable clearance between passage of the third catheter assembly and tubular

. graft extension 170° thereon and the inner lumen of the introducer sheath 134.

In this manner the introducer sheath 134 need not be removed and replaced with
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a smaller one.

In the same manner as on the contralateral side, and as illustrated in
Figure 16B, first the sheath 134 and then the pusher body (not shown) are
withdrawn proximally to release the tubular graft extension 170’ such that its

. upstream end is inside the ipsilateral leg 16 of the aortic graft 10 and its

downstream end is within the right common iliac artery 102. The catheter
balloon is inflated to force the upstream end of the graft extension 170’ into
contact with the inmer surface of the ipsalateral leg 16. At the same time, the
balloon forces the downstream end of the graft extension 170" into contact with
the inner surface of the right common iliac artery 102: The final expanded

-position of the tubular graft extension 170’ is seen in Figure 16D.

Figure 16C illustrates a cross-section of the left common iliac artery 104
with the first tubular graft extension 170 expanded into contact therewith. As

-~ was described with respect to Figure 2A, the wireforms 176 terminate in ends

which are secured outside the extension wall 175 with crimps 178. The crimps
178 as shown project outward from the wall 175 at a slight angle and provide
additional friction to locate the extension 170 within the artery 104,
Advantageously, the crimps 178 are not sharp and do not penetrate the vessel
wall, as with some prior art grafts. Instead, the irregular surface formed by the
multiple crimps 178 prevents migration of the tubular graft extension 170
without damage to the wall of the artery 104. '

- Subsequently, the inflation balloon is deflated and then stretched before
removing it along with the third catheter assembly from within the graft
extension 170"

In one embodiment of the present invention, the upstream portions of
either of the graft extensions 170, 170' may be slightly over-sized to maximize
the frictional engagement with the downstream portions of the respective
ccontralateral or ipsilateral legs 14, 16. In particular, the over-expansion of the
balloon-expandable wireforms slightly beyond the diameter of the distal self-
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expandable wireforms censes the distal self-expendable-wireferms of the

* contralateral or ipsilateral legs to exert a radially mward force against the

balloon-expandable portions of the graft extension. This resistance serves to
improve the frictional ehgagement beﬁveeix the contralateral downstream leg
and the graﬁ'exfensioﬁ. ' Fmemoﬁ, the respective wireforms and associated
crimps tend to hook together to more seciu'ely couple' the graft extensions 170,
170" to the respective contralateral or ipsilateral legs 14, 16.

In an alternate embodiment, colloguially known as the “kissing”
technique, both the ipsilateral and contralateral balloon catheters could remain
in place during implantation of both leg extensions 170, 170°. In this technique,
the third catheter balloon for the ipsalateral leg extension 170 is inflated while
the second catheter balloon remains wnthm the contralateral leg extension 170.
In other words, while the third catheter balloon mﬂates, the second catheter
balloon remains in place in the contralateral leg extensmn 170, and is preferably

- deflated to ambient pressure but is not stretchied or reduced by a vacuum. The

third catheter balloon is subsequently deﬂated, stretched and removed, followed
by deflation; stretchinig and removal of the sécond catheter balloon. Theuseof
the kissing technique or the more common sequentxal contralateral-lpsalateral
extension 1mp1antat10n techmque is up to the preference of the surgeon

An anglographlc examination may take place to determine if the grafts
are cbrrectly placed and ﬁmctlomng. The second shea_th assembly and the stiff
guidewires are withdrawn and the contralateral incisiee or puncture is sutured.
The first introducer sheath assembly is then wiihdraWn_ and the right femoral
incision is sutred. The result is a finctioning trouser graft bridging an
aneurysm as illustrated in Figure 16D, |

The operation may be carried out using a general anaesthetic, an
epidural anaesthetic, or in suitable cases, using only a local anaesthetic.

The present invention may be embodied in other specific forms without
departing from its spirit o essential characteristics. The described embodiments
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are to be considered in all respects only as illustrative and not restrictive. The
scope of the invention is, therefore, indicated by the appended'claims rather than
by the foregoing description. All changes which come within the meaning and

range of equivalency of the claims are to be embraced within their scope.
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WHAT IS CLAIMED IS:
1. An intraluminal prosthesis comprising: _
a._trouSer graft having a trunk and two legs d__iverging ina
downstream direction from the trunk at a septum region, the graft being
5 formed of a graft body having an external surf#ce and an internal
surface; . L
at least one balloon-expandable wireform connected to the graft
body at the trunk; ' _
at least one self-expanding wireform connected to the graft body at
10 * the septum region; '
- atleast one self-expanding wireform connected to the graft body in
each of the two legs.

__ 2. The prosthes1s of Clalm 1, wherem there are at least two balloon-
N 15 ' expandable wireforms connected to the graft body at the trunk, one of the
o ba]loon expandable w1reforms belng posmoned extemal to the gtaft body

3. | The prosthes1s of Clmm 1 ﬂn'ther mcludmg a tubular extensum
connected toa downstream end of each of the two legs.
20 . R
4,  The prosthesis of Claim 3, wherein the tubular extensions each
include balloon-expandable wireforms and are connected to the downstream end
of the legs in such a manner that the self-expanding wireform in each leg exerts
a radlally inward force on the balloon-expandable wireform in the associated

25 tubular extension.

‘5. An assembly of tubular prostheses, comprising:
a first tubular prosthesis including a graft body and least one self-
expanding wireform, the first tubular prosthesis terminating at a

s L RS e
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downstream end in an open mouth;

* a second tubular prosthesis including a graft body and at least one
balloon-expanding wireform, the second tubular prosthesis terminating
at an upstream end positioned within the open mouth of the first tubular
prosthésis, the second tubular prosthesis being expanded into contact
with the first tubular prosthesis and sufficiently farther to outwardly
stress the self-expanding wireform in the first tubular prosthesis and

produce an inward compressive force on the upstream end of the second

 tubular prosthesis.

6. A method of deploying a bifurcated intraluminal prosthesis to a

- site of implantation defined by a main vessel branching to two smaller vessels,

comprising;

15

20

25

endoluminally delivering a bifurcated graft having a trunk and two-
legs to the site of implantation, the trunk being positioned within the
main vessel; _ )

expanding the trunk with a balloon catheter into contact with the
main vessel;

delivering a first tubular extension into position with one end within
one of the two legs and with the other end within one of the two smaller
vessels; _

expanding the first tubular extension with a balloon éatheter into
contact with said one of the two legs and into contact with said one of

the two smaller vessels, the first leg being expanded beyond a relaxed

state so that it imparts an inward compressive force on the first tubular-
extension; | |

delivering a second tubular extension into position with one end
within the other of the two legs and with the other end within the other

of the two smaller vessels;

R YRR T
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expanding the second tubular extension with a balloon catheter into
contact with said other of the two legs and into c_b_ntact with said other of
the two smaller vessels, the second leg being expanded beyond a relaxed
* state so that it imparts an inward compressive foi‘_(:e on the second

tubular extension.

7. - Anintraluminal prosthesis, comprising:

a trouser graft havmg a trunk and two legs d:vergmg ina
downstream du-ectlon from the trunk at a septum region, the graft being
formed of a graft body having an extemal :surface_and an internal

- surface; and . _ |

a self-expanding w1reform connected to the graft body at the

septumi region.

8. The prosthesis-of claim 7, wherein the self-expanding wireform
is corinected to the external sutface of the graft body. '

9. The prostheszs of cla:m 7, wherein the self-expandmg wireform
has a radlopaque marker attached thereto "

10.  The prosthesis of claim 9, wherein the radiopaque marker points
to the location at the septum region where the two legs diverge.

1. The prosthesis of claim 7, wherein the self-expanding wireform
at the septum region includes at least one crimp, wherein the radiopaque marker

is provided on the crimp.

12. The prosthesis of claim 1 1, wherein the radiopaque marker
points to the location at the septum region where the two legs diverge.

OB 0
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13.  The prosthesis of claim 12, wherein there are two of the crimps
each having radiopaque markers thereon, and wherein both of the markers point
to the location at the septum region where the two legs diverge.

14.  The prosthesis of claim 7, further including a self-expanding
wireform provided in each of the legs of the trouser graft.

15.  The prosthesis of claim 14 further including a lateral
reinforcement wire coupled to at least one of the legs between the self-
expanding wireform in the one leg and the self-expanding wireform at the

septum region.

16.  The prosthesis of claim 15 wherein the lateral reinforcement wire
is attached to the exterior of the graft body. -

17.  The prosthesis of claim 15 wherein the self-expanding wireforms
in the legs and at the septum region region each have alternating peaks and
valleys around their respective circumferences, and wherein the lateral .
reinforcement wire extends between a valley on the self-expanding wireform at -

the septum region and a peak on the self-expanding wireform in the one leg.

18.  The prosthesis of claim 7, wherein one of the legs is longer than
the other leg.

19.  The prosthesis of claim 7, further including a plurality of
balloon-expandable wireforms provided in the trunk of the trouser graft.

-_—

1
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20. A trouser graft, comprising:

. a graft body having a trunk and two legs d_iverging ina
downstream direction from the trunk at a septum ?cgion, the graft body
being defined by an anterior side and a posterior side separated by a
plane extending generally through the trunk and two legs; and

a plurality of radiopaque markers providgd only on one of the
anterior side or the posterior side to facilitate o:igi_xtation of the trouser
graft during implantation.

21.  The trouser graft of claim 20, wherein one of the radiopaque
markers points to the location on the graft body where the two legs diverge.

22.  The trouser graft of claim 21, further including a wireform
connected to the graft body at the septum region, the radiopaque marker
pointing to the location on the graft body where the two legs diverge being

provided on the wireform.

+23.  The trouser graft of claim 22, wherein the wireform is provided

on an external surface of the graft body.-

24..  The trouser graft of claim 20, wherein one of the legs is longer
than the other leg.

25.  The trouser graft of claim 24, further including a self-expanding
wireform provided on the exterior of the graft body proximate to the free ends
of each of the legs.

PCT/US99/283%7
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2. A three-piece intraluminal prosthesis, comprising:

' a trouser graft having a trunk and two legs diverging ina
downstream direction from the trunk at 4 septum region, the graft being
formed of a graft body having an external surface and an internal
surface, wherein one of the legs is longer than the other leg;

a first tubular extension connected to a downstream end of the
shorter of the two legs; and |

a second tubular extension connected to a downstream end of the
longer of the two legs. '

27.  The prosthesis of claim 26, further including a plurality of
wireforms supporting the trouser graft, some of the wireforms being provided
on the external surface, and some of the wireforms being provided on the
internal surface.

28. The prosthesis of claim 27, wherein some of the wireforms are

provided on the legs and are exclusively on the external surface of the trouser
graft.

29.  The prosthesis of claim 27, wherein there is only one wireform

provided on each of the legs, proximate to a free end of each leg.

30.  The prosthesis of claim 29, further including a radiopaque
marker provided on each of the wireforms on the legs of the trouser graft.

31.  The prosthesis of claim 27, wherein one of the wireforms on the

external surface of the trouser graft is provided in the septum region, and is self-

| expanding.

_—
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32.  The prosthesis of claim 26, wherein the tubular extensions each
balloon-expandable wireforms and are placed inside t_h_e'__digwnstream end of the
legs in such a manner that the self-expanding wireform meach leg exerts a
radially inward force. on the balloon-expandable wireform in the associated

tubular extension.

33.  The prosthesis of claim 32, wherein i:he tubular extensions each
have balloon-expandable wiifeforms. and the tubular extensions are connected to
the downstream ends of the legs by expansion of the sclf-expanding wireforms
in the legs, the expanded tubular extensions being over-sized with respect to the
legs to induce the radially inward force ex_efhed by the legs.

34.  The prosthesis of claim 33, wherein the tubular extensions
include tubular bodies, the balloon-expandable 'wireforrﬁs being woven through
the tubular bodies and having crimps positioned external to the tubular bodies,
the cnmps being posmoned to interlock with the self-expandmg wireforms on
each of the two legs of the trouser graﬂ body.

35. A method of deploying a biﬁ;rcated intraluminal prosthesis to a
site of implantation defined by a'mai:n vessel branching to two smaller vessels,
comprising: | . S
endoluminally delivering a bifurcated graft having a trunk and
two legs of diséirﬁilar length td the site of imp_lan_tation, the trunk being
positioned within the main vessel; | |

expanding the trunk with a balloon catheter into contact with the
main vessel; _

. delivering a first .tubular extension into position with one end
within the longer of the two legs and with the other end within one of the
two smaller vessels;

Tl L M s
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expanding the first tubular extension with a balloon catheter into
contact with the longer of the two legs and into contact with said one of
the two smaller vessels, the longer leg being expanded beyond a relaxed
state so that it imparts an inward cofnpressive force on the first tubular
extension; o '

delivering a second tubular extension into position with one end
within the shorter of the two legs and with the other end within the other
of the two smaller vessels; and |

expanding the second tubular extension with a balloon catheter
into contact with the shorter of the two legs and into contact with said
other of the two smaller vessels, the shorter leg being expanded beyond a
relaxed state so that it imparts an inward compressive force on the

second tubular extension.

36. A method of deploying a bifurcated intraluminal prosthesis to a

site of implantation defined by a main vessel branching to two smaller vessels;

comprising:

20

25

endoluminally delivering a bifurcated graft having a trunk and
two legs to the site of implantation, the trunk being positioned within the
main vessel and the legs being directed toward the two smaller vessels,
the legs each having a self-expanding wireform on its free end;

expanding the trunk with a balloon catheter into contact with the
main vessel;

delivering a first tubular extension into position with one end
within a first leg and with the other end within a first smaller vessel, the
first tubular extension having a balloon-expandable wireform thereon;

expanding the balloon-expandable wireform on the first tubular
extension with a balloon catheter into contact with the first leg and into
contact with the first smaller vessel, the self-expanding wireform in the

Tk c L M 1 *
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first leg being over-expanded beyond a relaxed state so that it imparts an
inward compressive force on the first tubular extension;

delivering a second tubular extension i_nto position with one end
within a second leg and with the other end w1tlun a second smaller
vessel, the second tubular extension having a bal_loon-expandable
wireform thereon; and |

. expanding the the balloon-expandable wireform on the second

tubular extension with a balloon catheter into contact with the second leg
and into contact with the second smaller vessel, the self-expanding
wireform in the second leg being over-expanded beyond a relaxed state
so that it imparts an inward compressive force on the second tubular

extension.

-
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