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(57) ABSTRACT 

A graftless prosthetic stent for treatment of vascular lesions 
such as aneurysms and arterio-venous ?stulas, especially in 
neurovascular vessels, comprises a continuous helical rib 
bon formed of a shape-retaining metal having a transition 
temperature at Which the stent expands from its contracted 
condition to a radially expanded condition, the stent remain 
ing substantially cylindrical in its contracted and expanded 
conditions. The helical Windings have variable Width, thick 
ness, number or siZe of openings, or combinations of these 
features, Which affect the stiffness, rate of expansion at the 
transition temperature, and the area of vessel Wall covered 
by the stent. A catheter device Which includes the stent, and 
a method of treatment using the stent are also provided. 
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STENT WITH VARIABLE STIFFNESS 

[0001] The present application is related to US. provi 
sional patent applications Serial No. 60/129,758, ?led Apr. 
15, 1999, and Serial No. 60/129,757, ?led Apr. 15, 1999, and 
incorporates both applications herein by reference. 

FIELD OF THE INVENTION 

[0002] The present invention relates to a vascular 
endoprosthesis, such as a stent, for placement in an area of 
a body lumen that has been Weakened by damage or disease 
such as by aneurysm and in particular, to a stent adapted for 
placement at a neurovascular site. 

BACKGROUND OF THE INVENTION 

[0003] Rupture of non-occlusive cerebrovascular lesions, 
such as intracranial saccular aneurysms or arterio-venous 
?stulae, are a major cause of stroke. Rupture of an aneurysm 
causes subarachnoid hemorrhage in Which blood from a 
ruptured vessel spreads over the surface of the brain. About 
2.5% of the United States population (4 million Americans) 
have an unruptured aneurysm. 

[0004] About 100,000 of these people suffer a subarach 
noid hemorrhage. The disease is devastating, often affecting 
healthy people in their 40’s and 50’s, With about half of the 
rupture victims succumbing Within a month, and With half of 
the survivors becoming seriously disabled as a result of the 
initial hemorrhage or of a delayed complication. 

[0005] Neurovascular arteries are generally quite small, 
having diameters ranging from 2.0 to 4.0 mm in the Circle 
of Willis, 2.5 to 4.5 mm in the cavernous segment of the 
internal carotid artery, 1.5 to 3.0 mm in vessels of the distal 
anterior circulation, and 2.0 to 4.0 mm in the posterior 
circulation. The incidence of aneurysm varies With the 
location, With 55% occurring in the Circle of Willis, 30% in 
the internal carotid, 10% in the distal anterior circulation, 
and 5% in the posterior circulation. 

[0006] Screening for these lesions and preventing rupture 
Will lead to better clinical outcomes and loWer costs. Non 
invasive treatments for ruptured and unruptured lesions are 
preferred over surgical interventions due to loWer costs, 
loWer mortality and morbidity, and patient preference. An 
attractive treatment for ruptured and unruptured aneurysms 
is the placement of a stent Within the is lumen to prevent 
rupture or re-rupture of the lesion. 

[0007] Stents formed of a helical coil or ribbon of shape 
memory alloy material are knoWn in the art. In general, such 
stents are formed to a desired expanded shape and siZe for 
vascular use above the transition temperature of the material. 
The stent is then cooled beloW its transition temperature and 
reshaped to a smaller-diameter coil suitable for catheter 
administration. After the stent in its contracted, smaller 
diameter shape is delivered to the target site, e.g., via 
catheter, it is Warmed by the body to above its transition 
temperature, causing the stent to assume its original 
expanded shape and siZe, typically a shape and siZe that 
anchors the stent against the Walls of the vessels at the 
vascular site. Stents of this type are disclosed for example, 
in US. Pat. Nos. 4,512,338, 4,503,569, 4,553,545, 4,795, 
485, 4,820,298, 5,067,957, 5,551,954, 5,562,641, and 5,824, 
053. Also knoWn in the art are graft-type stents designed for 
treating aneurysms, typically at relatively large-vessel sites, 
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e.g., With vessel lumen siZes betWeen about 15 and 30 mm. 
US. Pat. No. 4,512,338 is exemplary. 

[0008] Stents such as disclosed heretofore have one or 
more of the folloWing limitations, for purposes of the present 
invention: 

[0009] they are not capable of being advanced to 
a target site, such as a neurovascular site, that is 
accessible only along a tortuous path by a small 
diameter catheter; 

[0010] (ii) they may cause vessel injury due to rapid 
expansion at the target site; 

[0011] (iii) they are not suitable for treating aneu 
rysms in the absence of a special graft, sleeve or 
Webbing; 

[0012] (iv) they may cause thrombosis (clotting) of 
small vessels With loW ?oW such as neurovascular 
vessels. 

[0013] It Would therefore be desirable to provide a tent 
that overcomes these limitations, and Which is suitable, in 
one embodiment, for use in treating neuroaneurysms. 

SUMMARY OF THE INVENTION 

[0014] In one aspect, the invention includes a stent 
adapted for advancement through a catheter in a upstream to 
doWnstream direction to a target vessel site, in a contracted 
stent condition, and expulsion from the catheter, doWn 
stream end ?rst, and radial expansion at the target site, to 
engage the Walls of the vessel. 

[0015] The stent is formed of a continuous helical ribbon, 
preferably formed of a shape-memory alloy, and has a 
bending-stiffness gradient along its length due to a 
gradient of ribbon Width, (ii) a gradient of ribbon thickness, 
and/or (iii) a gradient of siZe or number of openings formed 
in the stent ribbon. The stent has a preferred contracted 
condition diameter of betWeen about 10 and 30 mils, and a 
diameter in a fully expanded condition of betWeen 40 and 
125 mils. 

[0016] In one general embodiment, the shape-memory 
alloy has a ?nal austentite transition temperature of betWeen 
about 25° C. and 37° C. This feature alloWs the stent to be 
moved through the catheter in a martensitic, superelastic 
state, and to assume its preformed, austentitic shape When 
expelled from the catheter. In another embodiment, the 
shape-memory alloy has a transition temperature Md, beloW 
Which the alloy retains stress-induced martensitic properties, 
of greater than 37° C. This alloWs the stent to be moved 
through the catheter in a stress-induced martensitic (SIM) 
state, and recover its preformed, austentite shape When 
released from the constraints of the catheter, at a temperature 
that may be substantially above the ?nal austentite tempera 
ture. In this embodiment, the ?nal austentite temperature 
may be quite loW, e.g., 4° C., or it may be room temperature 
of higher. 

[0017] The bending-stiffness gradient may be continuous 
along the length of the stent, or discontinuous, e.g., having 
tWo or more separate regions, each With substantially uni 
form stiffness. The stiffness gradient is typically greater 
stiffness upstream and lesser stiffness doWnstream, as the 
stent is oriented in the catheter for delivery in an upstream 
to-doWnstream direction. 
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[0018] Where the stiffness gradient is due to a gradient of 
ribbon Width, greater ribbon Width at the upstream end of the 
stent, and lesser ribbon Width at the doWnstream end of the 
stent, the greater ribbon Width is preferably at least ten 
times the ribbon thickness and (ii) at least tWo times the 
lesser Width. The greater ribbon Width is effective to reduce 
the rate of expansion of the stent from its contracted to its 
radially extended condition, relative to that of a stent having 
uniform Winding Widths equal to the lesser ribbon Widths, 
and to increase the angle of catheter bend through Which the 
catheter can be advanced, in an upstream to doWnstream 
direction, relative to that of a stent having uniform Winding 
Widths equal to the greater ribbon Width. Preferably the 
greater ribbon Width is betWeen 25 and 75 mils, and the 
lesser ribbon Width, betWeen 5 and 15 mils. 

[0019] Where the stiffness gradient is due to a gradient of 
ribbon thickness, greater ribbon thickness at the upstream 
end of the stent, and lesser ribbon thickness at the doWn 
stream end of the stent, the greater ribbon Width is preferably 
in the range 1-4 mils, and the greater Width, betWeen 0.5 and 
2 mils. Where the stent stiffness gradient is due to feWer or 
smaller openings formed along the length of the helical 
ribbon, greater opening area in a doWnstream direction, the 
openings are preferably shaped and oriented to achieve 
greater stent ?exibility While preserving areal coverage of 
the target region. In one general embodiment, the openings 
are I-beam shaped openings Whose “I” axis is aligned 
transversely to the longitudinal axis of the stent in the 
contracted state in another, they are Z-shaped openings 
Whose central axis is aligned transversely to the longitudinal 
axis of the stent in the contracted state. The helical ribbon is 
effective to cover betWeen 50% and 80% of the surface area 
of the vessel region containing the stent. 

[0020] In a more speci?c embodiment, the invention 
includes a stent adapted for advancement through a catheter 
in a upstream to doWnstream direction to a target vessel site 
in a contracted stent condition, and With expulsion from the 
catheter, doWnstream end ?rst, and radial expansion at the 
target site, to engage the Walls of the vessel. The stent 
includes a continuous helical ribbon formed of a shape 
memory metal having a ribbon thickness of 0.5 and 4 mils, 
and being effective to cover betWeen 50% and 80% of the 
surface area of the vessel region containing the stent. The 
stent has a bending-stiffness gradient along its length due to 
(i) a gradient of ribbon Width, (ii) a gradient of ribbon 
thickness; and/or a gradient of siZe or number of openings 
formed in the stent ribbon. The stent is characteriZed by a 
contracted-condition diameter of betWeen about 10 and 30 
mils, and a diameter in a fully expanded condition of 
betWeen 40 and 125 mils. 

[0021] In another aspect, the invention includes a catheter 
delivery device having a catheter for accessing an intralu 
menal target site, a stent of the type described above, 
contained Within the catheter in a martensitic, superelastic 
state, and a catheter pusher Wire for advancing the stent 
through the catheter in a doWnstream direction. 

[0022] In still another aspect, the invention includes a 
method of treating a lesion at a neurovascular target vessel 
site. The method includes guiding a neuro-interventional 
catheter to the target site, advancing through the catheter, a 
stent of the type described above, and expelling the stent 
from the catheter at the target site, causing the stent to 
expand radially against the vessel Walls at the target site. 
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[0023] The step of guiding the stent to the target site may 
include engaging a pusher Wire releasably With the doWn 
stream end of the stent, pushing the stent through the 
catheter With the pusher Wire, and expelling the stent from 
the catheter at the target site, With stent radial expansion at 
the target site being effective to release the stent from the 
pusher Wire. The pusher Wire can include a distal end ball 
adapted to be captured by the stent, With such in its con 
tracted condition. Alternatively, the pusher Wire can include 
a distal notch adapted to be captured by the stent, With such 
in its contracted condition. 

[0024] These and other objects and features of the inven 
tion Will become more fully apparent When the folloWing 
detailed description of the invention is read in conjunction 
With the accompanying draWings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0025] FIG. 1 is a side vieW of a stent constructed in 
accordance With one embodiment of the present invention, 
and shoWn in a contracted condition; 

[0026] FIG. 2 is a side vieW (2A) of a stent constructed in 
another embodiment of the present invention, and shoWn in 
a contracted condition (2B); 

[0027] FIG. 3 is a cross-sectional vieW of the stent taken 
through line 3-3 in FIG. 1 that intersects an outer surface 
regions of stent; 

[0028] FIG. 4 is a side vieW of the stent in FIG. 1, but 
shoWn in an expanded condition; 

[0029] FIG. 5 is a side vieW of a stent constructed in 
accordance With another embodiment of the present inven 
tion, and shoWn in a contracted condition; 

[0030] FIG. 6 is a side vieW of a stent constructed in 
accordance With a still another embodiment of the present 
invention, and shoWn in a contracted condition; 

[0031] FIG. 7 is a cross-sectional vieW of the stent taken 
through line 7-7 in FIG. 6 that intersects an outer surface 
regions of stent; 

[0032] FIG. 8 is a side vieW of a stent constructed in 
accordance With a yet another general embodiment of the 
present invention, and shoWn in a contracted condition; 

[0033] FIG. 9 is a side vieW of a stent constructed in 
accordance With another general embodiment of the present 
invention, and shoWn in a contracted condition; 

[0034] FIGS. 10A-10C illustrate one embodiment of a 
method for loading the stent of the invention into the 
proximal end of a catheter; 

[0035] FIGS. 11A-11C illustrate another embodiment of a 
method for loading the stent of the invention into the 
proximal end of a catheter; and 

[0036] FIGS. 12A-12D illustrate steps in the use of the 
stent in treating a neuroaneurysm, in accordance With the 
method of the invention. 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0037] The present invention includes, in one aspect, a 
stent adapted for advancement through a catheter in a 
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upstream to downstream direction to a target vessel site, in 
a contracted stent condition, and expulsion from the catheter, 
doWnstream end ?rst, and radial expansion at the target site, 
to engage the Walls of the vessel. The stent is formed of a 
continuous helical ribbon formed of a preferably shape 
memory alloy, and has a bending-stiffness gradient along its 
length due to a gradient of ribbon Width, (ii) a gradient of 
ribbon thickness, and/or (iii) a gradient of siZe or number of 
openings formed in the stent ribbon. The stent is preferably 
graftless, i.e., it consists of a metal coil alone Without a 
Woven or ?lm-like graft formed over the coil or betWeen the 
coil Windings, and is preferably formed of a shape-memory 
alloy, as discussed beloW. 

[0038] By bending-stiffness gradient is meant a difference 
in bending stiffness, as measured by amount or degree of 
stent bending aWay from its long axis per force applied; that 
is, a region of lesser bending stiffness in the stent Will exhibit 
greater bending in response to a given force applied in a 
direction normal to the stent long axis than a region of 
greater bending stiffness. In general, and in a preferred 
embodiment, the stiffness gradient is in a direction of 
decreasing stiffness on progressing from upstream to the 
doWnstream end of the stent, that is, from the more proximal 
to the more distal stent end, With the stent placed in a 
catheter. The stiffness gradient may be discontinuous, mean 
ing that the gradient is formed of tWo of more segments of 
substantially uniform stiffness, or may be continuous along 
the length of the stent. 

[0039] Aspects of the invention Will be illustrated by 
non-limiting embodiments having variable ribbon Width 
(FIGS. 1-5), thickness (FIGS. 6 and 7), number of openings 
(FIG. 8) in the ribbon Wall, or a combination of these 
features (FIG. 9). 
[0040] FIG. 1 is a side vieW of one embodiment of a stent 
10 in accordance With the invention and is composed of a 
continuous helical ribbon, e.g., a coil, comprising a ?at, thin 
and biocompatible material, such as a polymer or metal, 
having thermal shape memory. Stent 10 incorporates non 
uniform helical Winding Widths in a continuous helical 
ribbon having an upstream portion 12 and a doWnstream 
portion 14. 

[0041] In the stent 10, these portions are the same length. 
In other embodiments, the doWnstream portion can comprise 
from about 3/5 to 4/s of the total length. The stent can have a 
gradient of ribbon Widths, With greater to lesser Widths 
progressing in an upstream-to-doWnstream direction. For 
example, the ribbon Widths can be substantially uniform 
over the upstream half of the stent 10 shoWn at 12, and 
decrease substantially uniformly over the doWnstream half 
of the stent as shoWn at 14. In a typical embodiment the 
upstream ribbon Width is about 50 mils, decreasing in 
increments of 10 mils at every other Winding, doWn to about 
10 mils in the doWnstream region of the stent. The doWn 
stream portion can comprise a region of reduced Winding 
Width Which decreases substantially uniformly over the 
doWnstream half of the stent. 

[0042] Preferably, the Width, indicated by arroW 16, of the 
ribbon Windings in the upstream portion is at least ten times, 
and more preferably at least 25 times, the ribbon thickness 
as indicated at 20. Preferably the ribbon Width in the 
upstream portion is at least tWo times the Width in the 
narroWest Winding in the doWnstream portion. In stent 10, 
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for example, the ribbon Width 16 in the upstream portion 12 
is at least tWo times the smallest ribbon Width 17 in the 
doWnstream portion. 

[0043] The ribbon Widths in the upstream portion can be 
betWeen 25 and 75 mils, and the smallest Winding Width in 
the doWnstream portion can be betWeen 5 and 15 mils. In the 
embodiment shoWn (FIG. 3), the thickness 20 is constant 
along the length of the stent. The ribbon thickness is 
preferably betWeen about 0.5 and 2 mils. 

[0044] The ribbon is capable of existing in a contracted 
condition (FIG. 1) and a radially expanded condition (FIG. 
4). The diameter in the contracted condition as indicated by 
arroW 22 can be betWeen about 10 and 30 mils. The diameter 
of the fully expanded condition can be betWeen about 40 and 
125 mils. 

[0045] The stent can be manufactured to have a length and 
diameter Which are suitable for a particular therapeutic 
application. For example, the length in the contracted con 
dition can be betWeen about 50 mm to 100 mm. 

[0046] In general, the ratio of the length of the stent in the 
contracted condition divided by the length in the expanded 
condition (LC/Le) Will be approximately equal to the ratio of 
diameter of the stent in the expanded condition divided by 
the diameter in the contracted condition (Dlo/dlo). Thus, a 
stent having a length of 50 mm and a diameter of 0.5 mm in 
a contracted condition Will expand to a length of 10 mm and 
a diameter of 2.5 mm. 

[0047] In another aspect of the invention, the stent can 
include one or more regions of lesser ribbon Width interme 
diate the ends of the stent. For example, the stent 30 
comprises non-uniform helical Winding Widths in a continu 
ous helical ribbon With regions of greater and lesser ribbon 
Widths interspersed With one another and includes regions of 
greater ribbon Width shoWn at 32,36,38 and regions of lesser 
ribbon Width shoWn at 34,37 and at the doWnstream end 39. 
For use in treating a lesion in a narroW and tortuous vessel, 
such as a neurovascular lesion, the ribbon thickness can be 
betWeen 0.5 and 2 mils, the greater ribbon Width can be 
betWeen 25 and 75 mils, and the lesser ribbon Width can be 
betWeen 5 and 15 mils. Stent 30 can be manufactured by 
laser cutting of a nitinol hypotube, and can include openings 
as described hereinabove. 

[0048] The Wall of the stent can include a plurality of 
openings disposed along the length of the helical ribbon. The 
shape of the openings can be round, oval, square, rectangu 
lar, diamond, hexagon, or polygon, and the number, siZe, 
shape of openings can be varied. A preferred opening is a 
crossed-beam shape such as an “X”, “+”, “Z”, or “I” shape. 
Preferably, each opening has one beam axis substantially 
transverse to the longitudinal axis of the contracted stent. 
One beam can be aligned transversely to the other. An 
example of a shape for the opening is illustrated at 17 in 
FIG. 1. The openings are “I” shaped Whose “I” axis is 
substantially transverse to the longitudinal axis of the con 
tracted stent. Another example of a suitable opening is 
shoWn in FIG. 2 Which includes a modi?ed “Z” shaped 
opening. In FIG. 2, the angle 0 betWeen an elongated central 
portion 15 and a terminal crossed-beam 18 is about 135° C. 
The openings can be formed using conventional metal 
Working processes such as die and punch, laser cutting, or 
chemical etching. 
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[0049] In still another aspect, the stent can incorporate 
uniform helical Winding Widths in a continuous helical 
ribbon having portions Which have different densities of 
openings, i.e., different numbers and or siZes of openings per 
unit length. The preferred shape of the openings include 
those described hereinabove. In an exemplary stent 60, 
having uniform helical Winding Widths (FIG. 8), the density 
of openings increases from the upstream toWard the doWn 
stream direction. In other embodiments, certain regions 
having loW density of openings can be interspersed With 
regions having higher density of openings. In still other 
embodiments, certain regions can lack openings, While 
adjacent portions include openings. The thickness of the 
stent 60 is constant along the length (FIG. 8). The ribbon 
thickness is preferably betWeen about 0.5 and 2 mils. The 
stent can be made from a shape-retaining metal alloy using 
the manufacturing methods described herein. 

[0050] In still another aspect, the stent can incorporate 
non-uniform Wall thickness in a continuous helical ribbon as 
exempli?ed by stent 40 (FIGS. 6 and 7). The stent 40 has 
uniform Winding Widths, preferably betWeen 25 and 75 mils, 
along the length of the ribbon. The stent includes an 
upstream portion 42 and a doWnstream portion 44, Which are 
the same length in this embodiment. In other embodiments, 
the doWnstream portion can comprise from about 3/5 to 4/s of 
the total length. 

[0051] Preferably, the Width as indicated by arroW 50 of 
the ribbon Windings in the upstream portion is at least ten 
times, and more preferably at least 25 times, the ribbon 
thickness indicated by arroWs 46. In a preferred embodi 
ment, the ribbon thickness, indicated at 46, in the upstream 
portion is at least about tWo times the smallest ribbon 
thickness, indicated at 48, in the doWnstream portion. For 
example, the ribbon thickness in the upstream portion can be 
betWeen 1 and 4 mils, and the smallest Winding Width in the 
doWnstream portion can be betWeen 0.5 and 2 mils. The 
upstream portion can comprise a region of constant Winding 
thickness. The doWnstream portion can comprise a region of 
reduced Winding thickness Which decreases substantially 
uniformly over the doWnstream half of the stent. In a typical 
embodiment, the upstream ribbon thickness is about 2 mi, 
decreasing in increments of about 0.5 mils at each Winding 
in the doWnstream region to ?nal thickness of about 0.5 mil. 
In an alternative embodiment, the Winding thickness can 
decrease substantially uniformly over the Whole length of 
the stent, from the upstream end to the doWnstream end. The 
stent 40 can include openings, and preferably crossbeam 
openings, as described hereinabove. 

[0052] In order to form a stent having variations in Wall 
thickness as described herein, the hypotube is subjected to 
centerless grinding to a Wall thickness Which tapers at one 
end, for example, having a Wall thickness of 2 mil at the 
upstream portion 42 to about 0.5 mil at the doWnstream 
portion 44. The remaining manufacturing steps are as 
described herein. 

[0053] In yet another aspect, the stent can incorporate 
along its length, combinations of more than one of the 
features as described herein of variable Winding Width, 
thickness, or density of openings. For example, the stent 70 
(FIG. 9) includes both decreasing Winding Widths toWard 
the doWnstream end. and also an increase in density of 
openings toWard the doWnstream end. 
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[0054] The stent preferably exhibits a relatively high 
degree of biocompatibility since it is implanted in the body. 
Suitable materials for the stent include ELGILOY (available 
from Carpenter Technology Corporation of Reading, Pa.) 
and PHYNOX (available from Metal Imphy of Imphy, 
France). Both of these metals are cobalt-based alloys Which 
also include chromium, iron, nickel and molybdenum. Other 
materials for a self-expanding stent include 316 stainless 
steel and MP35N alloy Which are available from Carpenter 
Technology Corporation and Latrobe Steel Company of 
Latrobe, Pa., and superelastic Nitinol nickel-titanium alloy 
Which is available from Shape Memory Applications of 
Santa Clara, Calif. Nitinol alloy contains about 45% tita 
mum. 

[0055] In one general embodiment, the shape-memory 
alloy has a ?nal austentite transition temperature of betWeen 
about 25° C. and 37° C. This feature alloWs the stent to be 
moved through the catheter in a stress-induced martensitic 
or superelastic state, and assume its preformed, austenitic 
shape When expelled from the catheter by removing the 
stress imposed on the stent by the inner catheter Wall and 
causing the noW unstressed stent to transform from stress 
induced martensite into austentite and thus regaining its 
austentitic shape. In another embodiment, the shape 
memory alloy has a transition temperature Md greater than 
37° C. beloW Which the alloy retains suf?cient stress 
induced martensitic property to alloW placement of the stent 
at or above its Af. In other Words, this alloWs the stent to be 
moved through the catheter in a stress-induced martensitic 
(SIM) state, and recover its preformed, austentitic shape 
When released from the constraints of the catheter, at a 
temperature that may be substantially above the ?nal aus 
tentite temperature Without signi?cant plastic, or otherWise 
permanent deformation. In this embodiment, the ?nal aus 
tentite temperature may be quite loW, e.g., 4° C., or it may 
be room temperature of higher. 

[0056] Nitinol cylindrical tubes having a ?nal austentitic 
temperature betWeen about 25° C. and 45° C., preferably 
about 25° C. and 37° C., can be prepared according to 
knoWn methods. In an exemplary method of manufacture of 
the stent having these properties, a nitinol hypotube, e.g., 8 
mil Wall thickness, is subjected to centerless grinding to a 
Wall thickness of 3 mil. The stent pattern is cut by a laser 
(e.g., as described by Madou in Fundamentals of Microfab 
rication, CRC Press, 1997). Both inner and outer surfaces 
are polished to a mirror ?nish using electro-polish tech 
niques (e.g., as described by Madou, 1997). A gold coat is 
applied by ion beam assist. 

[0057] During manufacture, the ribbon is formed at the 
expanded condition (FIG. 4), corresponding to the ?nal 
deployed siZe (e.g., about 2-4 mm outer diameter), and 
heated to a temperature above the transition temperature. 
The ribbon is then subjected to thermoelastic martensitic 
transformation (e.g., as described in US. Pat. No. 5,190,546 
incorporated by reference in its entirety herein) by cooling 
beloW the transition temperature range of the alloy and 
deformation to the contracted condition suitable for use 
Within an intraluminal catheter. For example, the stent can 
be rolled using a rod having a notch at one end Which 
engages the doWnstream end of the stent. The transition 
temperature can be modi?ed by varying the ratios of each 
metal in the alloy and in the present invention preferably is 
Within the range betWeen about 25 ° C. to 45 ° C. at Which the 
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stent expands. Amore preferred transition temperature range 
is between about 25° C. to 37° C. For example, the alloy can 
comprise 55% nickel, and 45% titanium Which gives a 
transition temperature of about 32° C. to 33° C., Which is 
beloW body temperature but above room temperature. 

[0058] Nitinol cylindrical tubes having a martensite tem 
perature MD beloW Which the alloy can assume a stress 
induced martensitic condition While being stressed to the 
extent necessary to place or otherWise use the device, of 
greater than about 37° C., preferably greater than about 40° 
C., are also prepared according to knoWn methods, e.g.; US. 
Pat. No. 4,505,767. For example an ideal alloy Would act, at 
about 37° C., as a constant force spring over a strain range 
up to about 5% or more. This is a measurement of the degree 
to Which an alloy, at a given temperature, can be strained in 
a purely austentitic state by the formation of stress-induced 
martensite Without signi?cant plastic deformation. In other 
Words, the strain caused by the application of a given stress 
at a given temperature is substantially recoverable. In prac 
tice, the maximum stress realiZed occurs sometime during 
the process of placing a nitinol device at a given tempera 
ture. Accordingly, a suitable alloy Will provide a device that 
is capable of substantially recovering its austentitic shape 
Without signi?cant plastic deformation, upon placement in 
the body. 

[0059] The operation of the stent of the invention Will noW 
be discussed in reference to device 10 for the sake of clarity, 
and not by Way of limitation, it being appreciated that any 
other embodiment can be used in the same manner. 

[0060] The helical stent is loaded into a catheter as illus 
trated in FIGS. 9A-9C. The catheter and loaded stent form 
a device in accordance With another aspect of the invention. 
The device may additionally include a pusher Wire for 
advancing the stent through the lumen of the catheter, as 
described beloW. 

[0061] Prior to loading, the stent can be retained in a 
contracted condition, eg Within a cartridge 80. The stent 
can be Wrapped around a mandrel (not represented) prior to 
placement Within the cartridge. The doWnstream end of the 
stent is loaded into hub 84 of a delivery system such as a 
catheter 86. Depression of plunger 88 pushes the stent from 
its holding chamber 90 into the distal end 92 of the cartridge. 
A pusher Wire 94 is then introduced into the hub of the 
catheter. The inner Wall of the doWnstream end of the stent 
frictionally engages end ball 96 mounted to the distal end of 
the pusher Wire 94. The pusher Wire is then pushed doWn 
stream through the catheter in order to advance the stent, in 
a contracted condition, to the target site. Thus, the stent is 
dragged through the catheter by the end ball near the tip 
Which drags the stent near (but not at) its doWnstream end. 

[0062] Another method for loading the stent into a catheter 
uses a pusher Wire 180 having a distal notch 182 adapted to 
hold the doWnstream end of the stent as illustrated in FIGS. 
11A-11C. The Wire can have more than one notch along its 
length for attachment to more than one location on the stent 
(not illustrated). With the stent at a temperature beloW the 
transition temperature, the pusher Wire 180 is rotated along 
its longitudinal axis to Wind the stent to its contracted 
condition. The stent is manually inserted into and retained 
Within a retaining sleeve 184. An example of a suitable 
sleeve is a 15-20 cm section of polymeric microcatheter 
(Target Therapeutics, Freemont, Calif.). The sleeve is posi 
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tioned at the opening of the hub 186 of catheter 188 and the 
stent is advanced in its contracted state from the sleeve and 
into the catheter (as indicated by arroW 190) using the pusher 
Wire. 

[0063] In another aspect of the invention, the stent is used 
in the treatment of a variety of vascular lesions. This aspect 
Will be illustrated in FIGS. 12A-12b using stent 10 of the 
invention in a method for treating a neurovascular aneu 
rysm. In accordance With the method, a catheter 86 is guided 
Within the lumen 100 of a vessel 102 to the lesion site using 
?uoroscopy and standard angiographic techniques (FIG. 
12A). Preferably the pusher Wire 94 is held steady and the 
catheter is retracted in an upstream direction, as indicated by 
arroW 106 to partially release the stent 10 doWnstream end 

?rst (FIG. 12B). 
[0064] During release from the catheter, the stent is 
“naked” and free-moving; that is, it is not mounted on a 
balloon, constrained by a sheath, or held in place by a 
tethering Wire. The stent does not deploy While partially 
outside of the catheter (FIG. 12B) and can be repositioned 
or removed as desired. 

[0065] During the ?nal stage of deployment, the pusher 
Wire is held steady, and the catheter is retracted, as shoWn by 
arroW 106, to fully expel the stent (FIG. 12B). Warming of 
the stent to body temperature at the target site causes the 
stent to expand radially against the vessel Walls at the target 
site. The expansion causes release of the end ball, alloWing 
Withdrawal of the pusher Wire, as shoWn by arroW 108 
(FIGS. 12C, 12D) to complete the procedure. The stent 
deploys once it is completely outside the catheter (FIG. 
12D). 
[0066] When using a pusher Wire having a terminal notch, 
the pusher Wire is pushed doWnstream through the catheter 
in order to advance the stent, in a contracted condition, to the 
target site. The stent disengages the notch upon deployment 
at the target site (not shoWn). 

[0067] When used in the treatment of an aneurysm, for 
example, a high percentage of surface area coverage is 
needed to effectively cover the mouth 110 of the aneurysm 
112 (FIG. 12A). Apreferred helical ribbon of the invention 
is effective to cover betWeen 50% and 80%, and preferably 
betWeen 65% and 80%, of the surface area of the vessel 
region containing the fully expanded stent. The length of the 
stent is selected so that in the expanded state, it extends 
beyond both sides of the mouth of the aneurysm. 

[0068] The stent of the present invention can be used in the 
treatment of a variety of vascular lesions such as an aneu 

rysm, ?stula, occlusion, or narroWing and is useful in 
treating targets located in tortuous and narroW vessels, for 
example in the neurovascular system, or in certain sites 
Within the coronary vascular system, or in sites Within the 
peripheral vascular system such as super?cial femoral, 
popliteal, or renal arteries. 

[0069] As described herein, the stent incorporates longi 
tudinal gradients of structural features to achieve the Hex 
ibility, rate of radial expansion from a contracted to an 
expanded state, coverage of void space, and radial strength 
Which are desired for its intended use. For example, as 
described herein, the ribbon Width can be selected during 
manufacture. In a particular example, stent 10 is substan 
tially cylindrical in both its contracted and expanded con 
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ditions. However, during the initial stages of deployment, 
the greater ribbon Width along the upstream portion of the 
stent promotes sloWer expansion after the stent is released 
form the catheter, relative to the expansion of a stent having 
uniform Winding Widths equal to a smallest Winding Width 
in the doWnstream portion. The sloWer expansion advanta 
geously reduces the risk of trauma to the vessel Wall. The 
greater ribbon Width gives more surface coverage of the 
vessel Wall and also provides more uniform apposition 
against the Wall Which loWers hemodynamic turbulence and 
loWers the risk of vascular thrombosis. 

[0070] In general, narroWer Winding Widths confer 
increased ?exibility. Stent 10 incorporates doWnstream por 
tions having relatively lesser ribbon Widths. As compared to 
a stent having uniform ribbon Widths equal to the largest 
Winding Width in the upstream portion, the lessor ribbon 
Widths provide a decrease in stiffness to the stent Which 
increases the angle of bend through Which the stent can be 
advanced in a contracted condition. This is especially impor 
tant for advancing the stent Within a catheter positioned 
Within a tortuous vessel. Higher ?exibility also alloWs the 
stent to conform to vessel curvature at the target site. Stent 
30 includes intermediate portions having lessor Winding 
Widths, Which also increase the ?exibility of the stent. 

[0071] Likewise, the ribbon thickness can be varied as in 
stent 40, With greater thickness generally sloWer rate of 
expansion above the transition temperature, and greater 
radial strength, as compared to thinner ribbon Windings. 
Thinner Winding Widths generally confer increased ?exibil 
ity. Stent 40 incorporates doWnstream portions having rela 
tively lesser ribbon thickness. As compared to a stent having 
uniform ribbon thickness equal to the largest Winding Width 
in the upstream portion, the lessor ribbon thickness provides 
a decrease in stiffness to the stent Which increases the angle 
of bend through Which the stent can be advanced in a 
contracted condition. This is especially important for 
advancing the stent Within a catheter positioned Within a 
tortuous blood vessel. Higher ?exibility also alloWs the stent 
to conform to vessel curvature at the target site. It Will be 
recogniZed that a stent can include intermediate portions 
having lessor Winding thickness, in analogy With stent 30, 
Which can also increase the ?exibility of the stent. 

[0072] As described herein, the ribbon Wall of the stent 
can incorporate openings. The shape, orientation, and siZe of 
the openings can be selected during manufacture. The den 
sity of openings can in?uence the radial strength of the stent, 
the rate of expansion, the ?exibility and the area of surface 
coverage. Different portions of a stent can have different 
density of openings, or different siZes and shapes of open 
ings, as shoWn in FIGS. 7 and 8. Greater density of 
openings in ribbon Windings generally gives greater ?ex 
ibility. 

[0073] Stent 60, for example, incorporates doWnstream 
portions having relatively greater density of openings. As 
compared to a stent having uniform density of openings 
along the ribbon equal to the loWest density of openings in 
the upstream portion, the higher density of openings pro 
vides a decrease in stiffness to the stent Which increases the 
angle of bend through Which the stent can be advanced in a 
contracted condition. This is especially important for 
advancing the stent Within a catheter positioned Within a 
tortuous vessel. A stent can include intermediate portions 
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having regions of higher or loWer density of openings Which 
can also increase the ?exibility of the stent. 

[0074] Applicant has determined that a shape Which incor 
porates a “crossed-beam” opening disposed along the length 
of the helical ribbon, Where each opening has at least one 
beam axis substantially transverse to the longitudinal axis of 
the stent, has the advantage of facilitating the bending of a 
stent, in the contracted condition, in both a direction longi 
tudinal to the axis of the stent and in a direction transverse 
to the longitudinal axis of the stent. For a stent in the 
expanded condition, such openings minimiZe the siZe of the 
opening, to give greater surface coverage, While maximiZing 
the radial strength of the stent. An example of a preferred 
opening is an I-beam shaped opening having the “I” axis 
transverse to the longitudinal axis of the stent in the con 
tracted condition. Another example is a “Z” shaped opening 
Where the central portion of the “Z” is linearly extended and 
is transverse to the longitudinal axis of the stent in the 
contracted state. 

[0075] The siZe and shape of the openings can be varied to 
increase or decrease the contact area betWeen the stent and 
the vessel Wall. The openings and the spacing betWeen 
adjacent ribbon Windings contribute to void space Which is 
needed to promote ef?cient endothelial-cell groWth on and 
around the stent. A void space of about 15% to 50% is 
preferred. 

[0076] It Will be appreciated that the present invention 
provides a stent having a variety of features Which can be 
varied during the manufacturing process in order to optimiZe 
the structure of the stent for its intended use. More than one 

feature, such as Width, thickness, or shape or density of 
openings can be combined, to achieve desired ?exibility, 
rate of expansion, or area of surface coverage. For example, 
stent 70 incorporates variations in both helical Windings 
Widths and density of openings. 

[0077] In the process of manufacture, the stent of the 
invention preferably includes thin Wall construction Which 
contributes to greater lumen diameter in the stent region, and 
minimiZes blood ?oW turbulence at the upstream edge of the 
stent, thereby reducing the risk of blood clotting. 

[0078] The stent preferably is manufactured to minimiZe 
adverse effects, such as thrombosis, Which can occur during 
use such as a result of hemodynamic turbulence, internal 
hyperplasia, and reaction to a foreign body. For example, the 
manufacturing processes includes an electro-polishing step 
to give the stent a mirror ?nish a gold coating step to 
improve biocompatibility. 

[0079] Avariety of other modi?cations can also be made. 
For example, the stent can be coated to enhance radiopacity, 
such as by using gold or another radiopaque metal. It can be 
coated With drugs or chemical agents to promote faster and 
more complete clotting of the aneurysm sac, to minimiZe the 
thromobogenicity of the stent in the artery, and to provide 
other functions. It can be covered With an autologous or 
synthetic graft, or coated to ?ll the void areas of the stent. 

[0080] All publications and patent applications cited in 
this speci?cation are herein incorporated by reference as if 
each individual publication or patent application Were spe 
ci?cally and individually indicated to be incorporated by 
reference. 
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[0081] Although the foregoing invention has been 
described in some detail by Way of illustration and example 
for purposes of clarity of understanding, it Will be readily 
apparent to those of ordinary skill in the art in light of the 
teachings of this invention that certain changes and modi 
?cations may be made thereto Without departing from the 
spirit or scope of the appended claims. 

It is claimed: 
1. A stent adapted for advancement through a catheter in 

a upstream to doWnstream direction to a target vessel site in 
a contracted stent condition, and With expulsion from the 
catheter, doWnstream end ?rst, and radial expansion at the 
target site, for engaging the Walls of the vessel, said stent 
comprising 

a continuous helical ribbon formed of a shape-memory 
alloy, 

said stent having a bending-stiffness gradient (de?ne) 
along its length due to one or more of the following: 

(i) a gradient of ribbon Width; 

(ii) a gradient of ribbon thickness; 

(iii) a gradient of siZe or number of openings formed in 
the stent ribbon. 

2. The stent of claim 1, Wherein the bending-stiffness 
gradient is discontinuous along the length of the stent. 

3. The stent of claim 1, Wherein shape-memory alloy has 
a ?nal austentite transition temperature about 25° C. and 37° 
C. 

4. The stent of claim 1, Wherein the shape-memory alloy 
has a transition temperature Md beloW Which the alloy 
retains stress-induced martensitic properties of greater than 
37° C. 

5. The stent of claim 1, Which has a contracted-condition 
diameter of betWeen about 10 and 30 mils, and a diameter 
in a fully expanded condition of betWeen 40 and 125 mils. 

6. The stent of claim 1, Wherein the stiffness gradient is 
due to a gradient of ribbon Width, lesser ribbon Width at the 
upstream end of the stent, and greater ribbon Width at the 
doWnstream end of the stent, Where the greater ribbon Width 
is at least ten times the ribbon thickness and (ii) at least 
tWo times the lesser Width, 

said greater ribbon being effective to reduce the rate of 
expansion of the stent from its contracted to its radially 
extended condition, relative to that of a stent having 
uniform Winding Widths equal to the lesser ribbon 
Widths, 

said lesser ribbon Width being effective to increase the 
angle of catheter bend through Which the catheter can 
be advanced, in an upstream to doWnstream direction, 
relative to that of a stent having uniform Winding 
Widths equal to the greater ribbon Width. 

7. The stent of claim 6, Wherein the ribbon thickness is 
betWeen 0.5 and 2 mils, the greater ribbon Width is betWeen 
25 and 75 mils, and the lesser ribbon Width is betWeen 5 and 
15 mils. 
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8. The stent of claim 1, Wherein the stiffness gradient is 
due to a gradient of ribbon thickness, lesser ribbon thickness 
at the upstream end of the stent, and greater ribbon thickness 
at the doWnstream end of the stent. 

9. The stent of claim 1, Wherein the stiffness gradient is 
due to feWer or smaller openings formed along the length of 
the helical ribbon. 

10. The stent of claim 1, Wherein the openings are I-beam 
shaped openings Whose “I” axis is aligned transversely to 
the longitudinal axis of the stent in the contracted state, or 
Z-shaped openings Whose central axis is aligned trans 
versely to the longitudinal axis of the stent in the contracted 
state. 

11. The stent of claim 1, Wherein the helical ribbon is 
effective to cover betWeen 50% and 80% of the surface area 
of the vessel region containing the stent. 

12. Astent adapted for advancement through a catheter in 
a upstream to doWnstream direction to a target vessel site in 
a contracted stent condition, and With expulsion from the 
catheter, doWnstream end ?rst, and radial expansion at the 
target site, to engage the Walls of the vessel, said stent 
comprising 

a continuous helical ribbon formed of a shape-memory 
metal having a ribbon thickness of 0.5 and 2 mils, and 
being effective to cover betWeen 50% and 80% of the 
surface area of the vessel region containing the stent, 

said stent having a bending-stiffness gradient along its 
length due to one or more of the folloWing: 

(i) a gradient of ribbon Width; 

(ii) a gradient of ribbon thickness; 

(iii) a gradient of siZe or number of openings formed in 
the stent ribbon, and 

being characteriZed by a contracted-condition diameter of 
betWeen about 10 and 30 mils, and a diameter in a fully 
expanded condition of betWeen 40 and 125 mils. 

13. The stent of claim 12, Wherein the bending-stiffness 
gradient is due to a gradient of ribbon thickness, lesser 
ribbon thickness at the upstream end of the stent, and greater 
ribbon thickness at the doWnstream end of the stent, Where 
the greater ribbon Width is at least ten times the ribbon 
thickness and (ii) at least tWo times the lesser Width. 

14. The stent of claim 12 having ribbon openings Which 
are I-beam shaped openings Whose “I” axis is aligned 
transversely to the longitudinal axis of the stent in the 
contracted state, or Z-shaped openings Whose central axis is 
aligned transversely to the longitudinal axis of the stent in 
the contracted state. 

15. The stent of claim 12, Wherein shape-memory alloy 
has a ?nal austentite transition temperature about 25° C. and 
37° C. 

16. The stent of claim 12, Wherein the shape-memory 
alloy has a transition temperature beloW Which the alloy 
retains stress-induced martensitic properties of greater than 
37° C. 


