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BALLOON EXPANDABLE 
CRUSH-RECOVERABLE STENT DEVICE 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
The present invention relates generally to expandable 

medical implants for Supporting a body lumen and, more 
particularly, to expandable, intraluminal devices, generally 
referred to as stents. 

2. Description of the Related Art 
Stents are implanted into body lumens, such as blood ves 

sels, to maintain the patency of the lumens. These devices are 
frequently used in the treatment of atherosclerotic Stenoses in 
blood vessels, especially in conjunction with percutaneous 
transluminal coronary angioplasty (PTCA) procedures. After 
treating a blood vessel, a stent is implanted to support the 
vessel wall and thereby reduce the likelihood of restenosis. 
Stents are most commonly implanted in coronary arteries; 
however, stents may also be used in a wide variety of other 
body lumens. For example, stents may be deployed in the 
biliary, carotid, Superficial femoral and popliteal arteries or 
even veins 

Over the years, a wide variety of stent types have been 
proposed. Although the structures of stents may vary Substan 
tially, virtually all stents are configured to be expandable from 
a collapsed condition having a small diameter to an expanded 
condition having a larger diameter. While in the collapsed 
condition, the stent is delivered through the blood vessel, or 
other body lumen, to the treatment site. After the treatment 
site is reached, the stent is radially expanded to an implant 
able size for supporting the vessel wall. Expansion of the stent 
from the collapsed condition to the expanded condition can be 
achieved in a variety of different ways. Various types of stents 
are described below based on their means for expansion. For 
additional information, a variety of stents types are described 
by Balcon et al., “Recommendations on Stent Manufacture, 
Implantation and Utilization.” European Heart Journal 
(1997), vol. 18, pages 1536-1547, and Phillips, et al., “The 
Stenter's Notebook. Physician’s Press (1998), Birmingham, 
Mich. 

Balloon expandable stents are manufactured in the col 
lapsed condition and are expanded to a desired diameter with 
a balloon. During delivery, a balloon expandable stent is 
typically mounted on the exterior of an inflatable balloon 
located along the distal end portion of a catheter. After reach 
ing the treatment site, the stent is expanded from the collapsed 
condition to the expanded condition by inflating the balloon. 
The stent is typically expanded to a diameter that is greater 
than or equal to the inner diameter of the body lumen. The 
expandable stent structure may be held in the expanded con 
dition by mechanical deformation of the stent as taught in, for 
example, U.S. Pat. No. 4,733,665 to Palmaz. Alternatively, 
balloon expandable stents may be held in the expanded con 
dition by engagement of the stent walls with respect to one 
another as disclosed in, for example, U.S. Pat. No. 4,740.207 
to Kreamer, U.S. Pat. No. 4,877,030 to Becket al., and U.S. 
Pat. No. 5,007,926 to Derbyshire. Further still, the stent may 
be held in the expanded condition by one-way engagement of 
the stent walls together with endothelial growth into the stent, 
as disclosed in U.S. Pat. No. 5,059,211 to Stacket al. 

Balloon expandable stents are typically manufactured 
from stainless steel and generally have a high radial strength. 
The term “radial strength, as used herein, describes the exter 
nal pressure that a stent is able to withstand without incurring 
clinically significant damage. Due to their high radial 
strength, balloon expandable stents are commonly used in the 
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2 
coronary arteries to ensure patency of the vessel. During 
deployment in a body lumen, the inflation of the balloon can 
be regulated for expanding the stent to a particular desired 
diameter. Accordingly, balloon expandable stents are often 
preferred in applications wherein precise placement and siz 
ing are important. Balloon expandable stents are also com 
monly used for direct stenting, wherein there is no pre-dila 
tion of the vessel before stent deployment. Rather, during 
direct stenting, the expansion of the inflatable balloon dilates 
the vessel while also expanding the stent. 

Although balloon expandable stents are the first stent type 
to be widely used in clinical applications, it is well recognized 
that balloon expandable stents suffer from a variety of short 
comings which may limit their effectiveness in many impor 
tant applications. For example, in one significant shortcom 
ing, existing balloon expandable stents are not biased toward 
the expanded condition and therefore do not return to the 
expanded condition after being deformed, bent, or pinched. 
Accordingly, when a high external pressure overcomes the 
radial strength of a balloon expandable stent, the stent may be 
caused to permanently deform inward (i.e. collapse) Such that 
the lumen is substantially reduced in size. Worse yet, external 
pressures may cause the stent to completely collapse, with 
potentially fatal clinical implications. Therefore, balloon 
expandable stents are not well-adapted for use in blood ves 
sels which are subjected to large torsional or flexion/exten 
sion stresses (e.g., the Superficial femoral artery and popliteal 
artery) and/or wherein the stent is vulnerable to large external 
pressures (e.g., the Superficial femoral artery and carotid 
artery). 

In another shortcoming, balloon expandable stents often 
exhibit substantial recoil (i.e., a reduction in diameter) imme 
diately following deflation of the inflatable balloon. Accord 
ingly, it may be necessary to over-inflate the balloon during 
deployment of the stent to compensate for the Subsequent 
recoil. This is disadvantageous because it has been found that 
over-inflation may damage the blood vessel. Furthermore, a 
deployed balloon expandable stent may exhibit chronic recoil 
over time, thereby reducing the patency of the lumen. Still 
further, balloon expandable stents often exhibit foreshorten 
ing (i.e., a reduction in length) during expansion, thereby 
creating undesirable stresses along the vessel wall and mak 
ing stent placement less precise. Still further, many balloon 
expandable stents, such as the original Palmaz-Schatz stent 
and later variations, are configured with an expandable mesh 
having relatively jagged terminal prongs, which increases the 
risk of injury to the vessel, thrombosis and/or restenosis. 

Self-expanding stents are manufactured with a diameter 
approximately equal to, or larger than, the vessel diameter 
and are collapsed and constrained at a smaller diameter for 
delivery to the treatment site. Self-expanding stents may be 
placed within a sheath or sleeve to constrain the stent in the 
collapsed condition during delivery. Alternatively, detachable 
tabs or pins may be used for locking the stent in the collapsed 
condition. After the treatment site is reached, the constraint 
mechanism is removed and the stent self-expands to the 
expanded condition. Typically, self-expansion of the stent 
results from the inherent properties of the material constitut 
ing the stent. Most commonly, self-expanding stents are made 
of Nitinol or other shape memory alloy. 

Because self-expanding stents are biased towards the pre 
set expanded condition, if the self-expanding stent is caused 
to deform under pressure, the stent will return to its expanded 
condition when the pressure is removed. Accordingly, self 
expanding stents overcome many of the shortcomings. Such 
as the risk of permanent collapse, associated with balloon 
expandable stents. Therefore, self-expanding stents are often 
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deployed in areas of the body where large external forces may 
cause the vessel, and therefore the stent, to temporarily 
deform radially inward. After the external force is reduced or 
removed, the self-expanding stent returns to its fully 
expanded condition, thereby eliminating the danger of per 
manent stent deformation and obstruction of the lumen. 
One of the first self-expanding stents used clinically is the 

braided “WallStent, as described in U.S. Pat. No. 4,954,126 
to Wallsten. The WallStent generally comprises a metallic 
mesh in the form of a Chinese finger cuff. The cuff provides 
a braided stent that is not superelastic, but technically still 
falls in the self-expanding stent family. Although the Wall 
Stent provided a significant improvement in stent technology 
for certain applications, such as the treatment of long lesions, 
the WallStent and other stents of this type often exhibit unde 
sirable metal prongs that remain along the longitudinal ends 
thereof as a result of the manufacturing process. Another 
disadvantage of the WallStent is the inherent rigidity of the 
material (e.g., a cobalt-based alloy having a platinum core) 
used to form the stent. The combination of the rigidity and the 
terminal prongs has been found to produce Substantial diffi 
culties during navigation through the patient's vasculature. 
Accordingly, the procedure produces undesirable risks from 
the standpoint of injury to healthy tissue along the passage to 
the target vessel. 

Another example of a self-expanding stent is disclosed in 
U.S. Pat. No. 5,192,307 to Wall wherein a stent-like prosthe 
sis is formed of plastic or sheet metal that is expandable or 
contractible for placement. The stent may be biased in an 
open position and lockable in a closed position or, alterna 
tively, may be biased towards a closed position and lockable 
in an open position. In the former case, a pin may be used to 
hold the stent in the collapsed condition. The pin is removed 
to allow the stent to assume the expanded condition. One or 
more hooks may beformed into the wall for locking the stent. 
The hooks engage complementary recesses formed in an 
opposing wall to mechanically interlock the rolled up sheet 
forming the stent. 

Although self-expanding stents provide a number of 
advantages over balloon expandable stents, self-expanding 
stents also suffer from a wide variety of shortcomings. In one 
well-recognized shortcoming, self-expanding stents lack the 
high radial strength of balloon expandable stents and there 
fore self-expanding stents may deform under relatively low 
external pressures. In another shortcoming, self-expandable 
stents often exhibit significant foreshortening during radial 
expansion. As a result, stents of this type may not provide 
predictable longitudinal coverage when fully deployed. Fur 
thermore, self-expanding stents necessarily require a con 
straining mechanism for holding the stent in the collapsed 
condition during delivery. For example, as described above, a 
self-expanding stent may be placed in a separate deployment 
sheath for constraining the stent during delivery. During 
deployment of a self-expanding stent, the sheath is retracted 
to uncover the stent incrementally from the distal end to the 
proximal end, thereby allowing the stent to expand from one 
end to the other. However, this often results in the stent jump 
ing or springing forward from the delivery system in an unde 
sirable manner, sometimes causing the stent to buckle or 
bunch up during delivery. Still further, it has been found that 
self-expanding stents do not re-dilate well in cases of re 
treatment and are not well Suited for direct stenting. 

In yet another shortcoming, self-expanding stents typically 
impose a continuous chronic outward stress on the vessel wall 
that may create significant risks of damage to the vessel wall 
and may lead to restenosis. It is common to find that, after two 
to four weeks, a self-expanding stent has expanded well into 
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4 
the wall of the artery, thereby supporting the vessel from 
within the smooth muscle layer, rather than from within the 
lumen. This is not a desirable result since most physicians 
intuitively feel it is advantageous to preserve the native, 
physiologically correct vessel properties as far as possible. 

In addition, self-expanding stents are currently available 
only in 0.5 mm increments. This is a problem because exact 
sizing, within 0.1 to 0.2 mm expanded diameter, may be 
necessary to adequately reduce the effects of restenosis. Fur 
thermore, these devices are often oversized by up to 30-50% 
to ensure location retention and vessel patency, thereby pro 
ducing a chronic outward stress, as described above. Thus, 
greater selection and adaptability in expanded size is needed. 
As a result of these and other shortcomings, self-expanding 
stents have limited effectiveness in many important applica 
tions. 

Heat expandable stents are similarin nature to self-expand 
ing stents. However, this type of stent utilizes the application 
of heat to produce expansion of the stent structure. Stents of 
this type may be formed of a shape memory alloy, Such as 
Nitinol. Still other types of heat expandable stents may be 
formed with a tin-coated, heat expandable coil. Heat expand 
able stents are often delivered to the affected area on a cath 
eter capable of receiving aheated fluid. Heated saline or other 
fluid may be passed through the portion of the catheter on 
which the stent is located, thereby transferring heat to the 
stent and causing the stent to expand. However, heat expand 
able stents have not gained widespread popularity due to the 
complexity of the devices, unreliable expansion properties 
and difficulties in maintaining the stent in its expanded State. 
Still further, it has been found that the application of heat 
during stent deployment may damage the blood vessel. 

In Summary, although a wide variety of stents have been 
proposed over the years for maintaining the patency of a body 
lumen, none of the existing schemes has been capable of 
overcoming most or all of the above described shortcomings. 
As a result, clinicians are forced to weigh advantages against 
shortcomings when selecting a stent type to use in a particular 
application. Accordingly, an urgent need exists for a new and 
improved stent structure that successfully combines the desir 
able qualities of a balloon expandable stent and a self-expand 
ing stent. It is desirable that Such a stent be balloon expand 
able for providing accurate placement and sizing at a 
treatment site. It is also desirable that such a stent has suffi 
cient radial strength to maintain patency of the lumen while 
subjected to substantial external forces. It is also desirable 
that such a stent be crush-recoverable, such that the stent 
returns to its deployed state in the event that the stent becomes 
crushed or pinched. It is also desirable that such a stent be 
provided with an effective constraining mechanism for hold 
ing the stent in the collapsed condition during delivery. It is 
also desirable that such a stent be configured to exhibit little or 
no longitudinal foreshortening during radial expansion. It is 
also desirable that such a stent be sufficiently flexible along 
the longitudinal axis to conform to the curved shape of a body 
lumen. It is also desirable that such a stent has the capability 
to conform to the interior of the body lumen. The present 
invention addresses these needs. 

SUMMARY OF THE INVENTION 

Preferred embodiments of the present invention relate to an 
improved intraluminal stent that is both crush-recoverable 
and balloon expandable. During use, the stent provides a high 
radial strength and tunable (adaptable) Surface coverage, 
thereby yielding a device that can be precisely placed in a 
blood vessel while maintaining the patency of the vessel 
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under a wide variety of conditions. When formed of a super 
elastic or shape memory material, the stent provides a device 
that returns to its deployed (i.e., expanded) condition in the 
event that external pressures cause the stent to temporarily 
deform inward. Further still, the stent is preferably provided 
with a constraining mechanism configured to hold the stent in 
the undeployed (i.e., collapsed) condition during delivery, 
thereby further facilitating deployment and precise place 
ment of the stent at the treatment site. In an advantageous 
feature, the constraining mechanism is integrated into the 
stent structure, thereby eliminating the need for pins, sheaths 
or other separate components during delivery to the treatment 
site. 

In one preferred embodiment, a balloon expandable crush 
recoverable stent comprises a tubular member including a 
series of slidably interconnected elements fabricated from a 
shape-memory material. The interconnected elements are 
configured for allowing the tubular member to be adjusted 
from a collapsed diameter to an expanded diameter without 
requiring any Substantial material deformation of the inter 
connected elements. In one variation, the Stent further com 
prises a locking mechanism configured for providing mono 
directional expansion and maintaining the tubular member in 
the expanded diameter after deploymentata treatment site. In 
another variation, the stent comprises a constraining mecha 
nism configured for maintaining the tubular member in the 
collapsed diameter until released by radial expansion of an 
inflatable balloon during deployment at a treatment site. In 
another variation, a balloon catheter may be included with the 
stent for providing a stent delivery system. 

In an advantageous feature, preferred stent embodiments 
according to the present invention allow precise sizing, while 
also allowing for deployment at relatively low inflation pres 
sures. Preferred embodiments advantageously provide the 
necessary qualities for all stent applications including biliary, 
coronary, carotid, Superficial femoral and popliteal arteries or 
even veins. Because the stent includes a constraining mecha 
nism that is integrated into the stent structure, the stent does 
not require a retractable sheath. However, a sheath may be 
used for additional protection during delivery to the treatment 
site. When a sheath is used, it is preferably formed from a very 
thin flexible material. 

In another preferred embodiment, a balloon expandable 
crush-recoverable stent comprises a flat sheet fabricated from 
a shape-memory material. The flat sheet may be rolled into a 
cylindrical configuration to provide a tubular member, the 
tubular member being adjustable from a collapsed diameter 
to an expanded diameter without requiring any substantial 
plastic deformation of the flat sheet. The tubular member 
comprises a locking mechanism configured for providing 
mono-directional expansion and maintaining the tubular 
member in the expanded diameter after deploymentata treat 
ment site. The tubular member also comprises a constraining 
mechanism configured for maintaining the tubular memberin 
the collapsed diameter until released by radial expansion of 
an inflatable balloon during deployment at a treatment site. 

In another preferred embodiment, a balloon expandable 
crush-recoverable stent comprises a series of pivotally con 
nected links fabricated from a shape-memory material. The 
pivotally connected links being configured to provide a tubu 
lar member that is adjustable from a collapsed diameter to an 
expanded diameter by pivoting movement of the links. A 
locking mechanism is provided such that the pivoting links 
are held in the open position for maintaining the tubular 
member in the expanded diameter after deploymentata treat 
ment site. A constraining mechanism is also provided Such 
that the pivoting links are held in the closed position for 
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6 
maintaining the tubular member in the collapsed diameter 
until released by radial expansion of an inflatable balloon 
during deployment at a treatment site. 

In another preferred embodiment, a expandable stent com 
prises a series of slidably interconnected elements fabricated 
from a biocompatible material. The interconnected elements 
are configured to provide a tubular member that is adjustable 
from a collapsed diameter to an expanded diameter without 
requiring any Substantial material deformation of the ele 
ments. The stent further comprises a locking mechanism con 
figured for maintaining the tubular member in the expanded 
diameter after deployment at a treatment site. The stent also 
comprises a constraining mechanism disposed along the 
interconnected elements for maintaining the tubular member 
in the collapsed diameter until released by radial expansion of 
an inflatable balloon during deployment at a treatment site. 

In another preferred embodiment, an expandable stent 
comprises at least first and second expandable modules. Each 
of the expandable modules forms a substantially tubular 
member and is adjustable from a collapsed condition to an 
expanded condition. A flexible coupling portion is provided 
for coupling the first and second expandable modules 
together. A constraining mechanism is provided along at least 
one of the first and second expandable modules for maintain 
ing the stent in the collapsed condition during delivery to a 
treatment site. In an advantageous feature of this embodi 
ment, each of the expandable modules is Substantially inde 
pendently expandable. Accordingly, each of the expandable 
modules may be expanded to precisely conform to the diam 
eter of the body lumen at its particular location along a treat 
ment site. Therefore, this embodiment is well suited for use in 
body lumens having a varying internal diameter. 

In another preferred embodiment, an expandable stent for 
Supporting a blood vessel comprises a tubular member fabri 
cated from a biocompatible material. The tubular member has 
a first end portion and a second end portion and is configured 
for expansion from a collapsed diameter to an expanded 
diameter. The tubular member includes a central region dis 
posed between the first end portion and the second end por 
tion. A locking mechanism is provided for maintaining the 
tubular member in the expanded diameter after deploymentat 
a treatment site. A constraining mechanism is provided for 
maintaining the tubular member in the collapsed diameter 
until released by radial expansion of an inflatable balloon 
during deploymentata treatment site. In this embodiment, at 
least a portion of the central region of the tubular member is 
formed with a substantially impermeable wall. The imperme 
able wall is well Suited for providing enhanced Support along 
a selected segment of a blood vessel. Such as along an aneu 
rysm. In one variation, a portion of the wall may be formed 
with an opening for allowing blood to flow through the wall 
and into a side branch vessel. 

In another preferred embodiment, a balloon expandable 
crush-recoverable stent comprises first and second flat sheets 
that are formed into first and second rows of radial elements. 
The sheets are configured such that the respective radial ele 
ments in the first and second sheets are slidably intercon 
nected to provide a series of expandable tubular modules. 
Each of the expandable modules may be expanded to a dif 
ferent diameter for conforming to the shape of a body lumen. 

In another preferred embodiment, a balloon expandable 
crush-recoverable stent includes first and second flexible 
members, each member extending along the longitudinal axis 
of the stent. The first and second flexible members are slid 
ably interconnected along a plurality of points and are con 
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figured to provide at least a portion of a tubular member that 
is expandable from a collapsed condition to an expanded 
condition. 

In another preferred embodiment, a balloon expandable 
stent comprises at least two Substantially flat elements that are 
rolled into a cylindrical configuration to provide a tubular 
member. Each of the flat elements forms a portion of a cir 
cumference of the tubular member. The flat elements are 
slidably interconnected for allowing the tubular member to 
expand from a collapsed diameter to an expanded diameter 
without any substantial plastic deformation of the elements. 
In this embodiment, an expandable sheath is disposed over 
the tubular member. The expandable sheath is configured to 
expand during deployment of the stent at a treatment site. 

In yet another preferred embodiment, a stent delivery sys 
tem comprises an elongate catheter with an inflatable balloon 
disposed along a distal end portion thereof. A balloon expand 
able stent is disposed along the outer surface of the inflate 
balloon. If desired, an adhesive or other material may be used 
to ensure that the stent is securely held on the surface of the 
balloon. The stent comprises a tubular member including a 
series of substantially non-deforming slidably interconnected 
elements. The stent preferably includes a constraining 
mechanism for holding the stent in the collapsed condition 
during delivery to the treatment site. Furthermore, the stent 
preferably includes a ratcheting mechanism for allowing the 
stent to expand while inhibiting recoil from the expanded 
condition. The stent is preferably fabricated from a shape 
memory material to provide a crush-recoverable structure. As 
a result, the deployed stent advantageously returns to its 
expanded diameter after undergoing plastic deformation. 

In yet another preferred embodiment, a method for treating 
a vessel at a treatment site comprises providing an elongate 
catheter having an inflatable balloon disposed along a distal 
end portion thereof. An expandable stent is disposed over the 
inflatable balloon for delivery to the treatment site. The 
expandable stent is formed from a plurality of substantially 
non-deforming interconnected elements. The Stent preferably 
includes a constraining mechanism for holding the stent in the 
collapsed condition during delivery to the treatment site. As 
the balloon is inflated at the treatment site, the interconnected 
elements slide apart from each other along the Surface of the 
balloon, thereby causing the diameter of the stent to adjust 
from a collapsed condition to an expanded condition. Accord 
ingly, in an advantageous feature, the expanded diameter of 
the stent can be precisely controlled by inflation of the bal 
loon. The stent further comprises a locking mechanism con 
figured for providing mono-directional expansion and 
thereby maintaining the tubular member in the desired 
expanded diameter after deployment at the treatment site. 

In yet another preferred embodiment, a balloon expandable 
crush-recoverable stent comprises first and second expand 
able modules, wherein each module comprising a series of 
slidably interconnected elements fabricated from a shape 
memory material. The interconnected elements are config 
ured for allowing the module to be adjusted from a collapsed 
diameter to an expanded diameter. A locking mechanism is 
disposed on each of the first and second expandable modules. 
The locking mechanism is configured Such that the intercon 
nected elements are slidable in only one direction for main 
taining the expandable module in the expanded diameter. A 
constraining mechanism is disposed on each of the first and 
second expandable modules. The constraining mechanism is 
configured to maintain the respective expandable module in 
the collapsed diameter until released by radial expansion of 
an inflatable balloon during deployment at a treatment site. A 
flexible coupling portion is provided for coupling the first and 
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8 
second expandable modules together in a manner wherein 
each of the expandable modules is substantially indepen 
dently expandable. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a perspective view illustrating a balloon expand 
able crush-recoverable stent according to one preferred 
embodiment of the present invention. 

FIG. 2 is a plan view illustrating a row of radial elements 
which forms a portion of the stent of FIG. 1. 

FIG.3 is a plan view illustrating a single radial element that 
forms a portion of the row of FIG. 2. 

FIG. 3A is an enlarged view of a tooth from the radial 
element of FIG. 3. 

FIG. 4A is a plan view illustrating two slidably intercon 
nected radial elements of the type illustrated in FIG. 2 which 
are constrained in the collapsed condition. 

FIG. 4B is a plan view illustrating the two slidably inter 
connected radial elements of the type illustrated in FIG. 2 
which are locked-out in the expanded condition. 

FIG. 5A is an end view of an implanted crush-recoverable 
stent of the type shown in FIG. 1 wherein an external pressure 
has caused the stent to temporarily deform inward. 
FIG.SB illustrates the crush-recoverable Stent of FIG. 5A 

after the external pressure has been removed and wherein the 
stent has returned to its original expanded diameter. 

FIG. 6A is a plan view illustrating an alternative structure 
of a radial element that may be interconnected with similar 
structures to form a balloon expandable crush-recoverable 
Stent. 

FIG. 6B is a plan view illustrating slidably interconnected 
radial elements of the type illustrated in FIG. 6A which are in 
the collapsed condition. 

FIG. 6C is a plan view illustrating slidably interconnected 
radial elements of the type illustrated in FIG. 6A which are 
locked-out in the expanded condition. 

FIG. 7A is a plan view illustrating another alternative struc 
ture of a radial element that may be interconnected with 
similar structures to form a balloon expandable crush-recov 
erable stent. 

FIG. 7B is a plan view illustrating slidably interconnected 
radial elements of the type illustrated in FIG. 7A which are in 
the collapsed condition. 
FIG.7C is a plan view illustrating slidably interconnected 

radial elements of the type illustrated in FIG. 7A which are 
locked-out in the expanded condition. 

FIG. 8 illustrates an alternative constraint mechanism com 
prising interconnecting hooks and loops for maintaining the 
stent in the collapsed condition during stent delivery. 

FIG. 9 illustrates another alternative constraint mechanism 
comprising a deflectable wing for maintaining the stent in the 
collapsed condition during stent delivery. 

FIG. 10 illustrates yet another alternative constraint 
mechanism comprising a tab and a gap for maintaining the 
stent in the collapsed condition during stent delivery. 

FIG. 11A illustrates yet another alternative constraint 
mechanism comprising deflectable arms and locks which 
may be used to maintain the stent in a collapsed condition 
during stent delivery. 

FIG. 11B illustrates the constraint mechanism of FIG. 11A 
wherein the arms are sliding over the locks for movement into 
the locked position. 
FIG.11C illustrates the constraint mechanism of FIG. 11A 

wherein the arms have passed over the locks such that the 
adjacent interconnected elements are constrained in the col 
lapsed condition. 
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FIG. 12 illustrates an alternative locking mechanism com 
prising deflectable teeth which deflect inward to provide a 
stent exhibiting mono-directional expansion. 

FIG. 13 illustrates another alternative locking mechanism 
comprising deflectable teeth which deflect downward to pro 
vide a stent exhibiting mono-directional expansion. 

FIG. 14 illustrates a portion of a single element from the 
embodiment shown in FIG. 13. 

FIG. 15 illustrates another alternative locking mechanism 
comprising a single tab and series of shaped ridges that pro 
vide a stent exhibiting mono-directional expansion. 

FIG.16 illustrates another alternative structure comprising 
a row of staggered radial elements that may be interconnected 
with similar structures to form a balloon expandable crush 
recoverable stent. 
FIG.17A is a plan view illustrating slidably interconnected 

radial elements of the type illustrated in FIG. 16 which are 
constrained in the collapsed condition. 

FIG.17B is a plan view illustrating slidably interconnected 
radial elements of the type illustrated in FIG. 16 which are 
locked-out in the expanded condition. 

FIG. 18 is a perspective view illustrating another preferred 
embodiment of a balloon expandable crush-recoverable stent 
comprising a plurality of interconnected flexible rows. 

FIG. 18A is a plan view illustrating a single flexible row 
from the stent embodiment of FIG. 18. 

FIG. 19 is a perspective view illustrating yet another pre 
ferred embodiment of a balloon expandable crush-recover 
able stent comprising a plurality of interconnected flexible 
OWS. 

FIG. 19A is a plan view illustrating a single flexible row 
from the stent embodiment of FIG. 19. 

FIG. 20 is a plan view illustrating another alternative 
embodiment of an expandable structure that may be used to 
form a balloon expandable crush-recoverable stent. 

FIG. 21 is a plan view illustrating the expandable structure 
of FIG. 20 in the expanded condition. 

FIG. 22A is a plan view illustrating another preferred 
embodiment of a balloon expandable crush-recoverable stent 
comprising a single element that may be rolled onto itself to 
form a tubular member. 
FIG.22B illustrates the single element of FIG.22A rolled 

into a tubular member and constrained in the collapsed con 
dition. 
FIG.22C illustrates the single element of FIG.22A locked 

out in the expanded condition. 
FIG. 23 is a plan view illustrating yet another preferred 

embodiment of a row of radial elements wherein a solid wall 
is provided along a center portion. 

FIG. 24 illustrates a variation of the element of FIG. 23 
wherein an opening is provided along the centerportion of the 
solid wall for providing fluid communication with a branch 
vessel. 

FIG. 25 illustrates another variation of a balloon expand 
able stent wherein an expandable sheath is disposed over the 
expandable stent structure. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENT 

Preferred embodiments of the present invention provide a 
radially expandable stent used to open, Support or expand a 
body passageway. Embodiments of the stent are preferably 
fabricated from a bio-compatible, shape-memory material to 
provide the stent with a crush-recoverable structure. In the 
following description of the present invention, the term 
“stent may be used interchangeably with the term “prosthe 
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10 
sis' and should be interpreted broadly to include a wide 
variety of devices configured for Supporting a segment of a 
body passageway. Furthermore, it should be understood that 
the term “body passageway' encompasses any lumen or duct 
within a body. Such as those described herein, as well as any 
other artery, vein, or blood vessel. Still further, it should be 
understood that the term “shape-memory material' is a broad 
term that includes a variety of known shape memory alloys, 
Such as nickel-titanium alloys, as well as any other materials 
that return to a previously defined shape after undergoing 
Substantial plastic deformation. 

In one preferred embodiment of the present invention, the 
assembled stent generally comprises a tubular member hav 
ing a length in the longitudinal axis and a diameter in the 
radial axis sized for insertion into the body lumen. The tubular 
member is preferably formed with a “clear through-lumen.” 
which is defined as having little or no structure protruding 
into the lumen in either the collapsed or expanded condition. 
Furthermore, the tubular member preferably has smooth mar 
ginal edges to minimize the trauma of edge effects on the 
body lumen. Furthermore, the tubular member is preferably 
thin-walled and sufficiently flexible to facilitate delivery 
through tortuous vasculature to small vessels. The thin walled 
structure advantageously minimizes turbulence, and the asso 
ciated risk of thrombosis, in the blood flow through the 
lumen. Those skilled in the art will appreciate that the thin 
profile of the deployed tubular member may also advanta 
geously facilitate rapid endothelialization of the stent. It will 
also be appreciated that the length and diameter of the tubular 
member may vary considerably according to the desired 
application without departing from the scope of the invention. 

Embodiments of an intraluminal stent according to the 
present invention are preferably provided with a series of 
interconnected “slide and lock elements' generally referred 
to herein as “radial elements.” The radial elements are slid 
ably interconnected in a manner wherein the stent exhibits 
ratcheting, mono-directional expansion during deployment. 
In addition, one or more radial element is preferably provided 
with a constraining mechanism for resisting stent expansion. 
Accordingly, the constraining mechanism advantageously 
allows the stent to be securely held in the collapsed condition 
during delivery through the patient's vasculature to the treat 
ment site. 
An expandable member, Such as an inflatable balloon, is 

preferably used to deploy the stent at the treatment site. As the 
balloon is expanded, the radial force of the balloon overcomes 
the initial resistance of the constraining mechanism, thereby 
allowing the stent to expand. As the balloon is inflated, the 
radial elements slide with respect to each other along the 
surface of the balloon until the stent has been expanded to a 
desired diameter. The radial elements are preferably config 
ured to provide a ratcheting effect such that the stent is main 
tained (i.e., "locked-out”) in the expanded diameter after the 
balloon is deflated and removed from the body passage. 
The stent preferably comprises at least one expandable 

module, which consists of a series of sliding and locking 
radial elements. Preferably, a series of similar expandable 
modules are connected along the longitudinal axis via flexible 
coupling portions. Each radial element within a module is 
preferably a discrete, unitary structure that does not stretch or 
otherwise exhibit any substantial permanent deformation 
during stent deployment. More particularly, the structure 
(e.g., radial element) may flex or bend; however, unlike con 
ventional balloon expandable stents, no Substantial plastic 
deformation of the element is required during expansion of 
the stent from a collapsed diameter to an expanded diameter. 
Elements of this type are generally referred to herein as “non 

s 
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deforming elements. Accordingly, the term “non-deforming 
element” in intended to generally describe a structure that 
Substantially maintains its original dimensions (i.e., length 
and width) during deployment of the stent. Each radial ele 
ment is preferably formed as a flat sheet that is cut or other 
wise shaped to provide a slide and lock mechanism. 
Due to the arrangement of the sliding and locking inter 

connection, adjacent radial elements may slide circumferen 
tially apart from one another, but are substantially prevented 
from sliding circumferentially toward one another. Accord 
ingly, the stent may be radially expanded from a Small diam 
eter to a large diameter with very little recoil after deploy 
ment. As will be apparent from the following detailed 
description, the amount of recoil can be customized for the 
application by adjusting the size and the spacing between the 
teeth along the deflectable members. Preferably, the stent is 
configured to exhibit recoil after deployment of less than 
about 5%. 

Preferred embodiments of the intraluminal stent provide a 
Substantially non-deforming, crush-recoverable stent struc 
ture with excellent radial strength that can be securely held in 
the collapsed condition and then expanded at the treatment 
site using an inflatable balloon. Until now, none of the exist 
ing stent types has successfully combined an inflatable bal 
loon with a stent formed from a shape memory material to 
provide a stent having most or all of the desired features for a 
wide variety of applications. For example, U.S. Pat. No. 
6,179,878 to Duerig discloses a composite stent device com 
prising a shape memory alloy stent sleeve that is treated to 
exert an outward force on a body lumen. During delivery, an 
outer restraint sleeve restricts the maximum transverse 
dimension to which the stent sleeve can expand outwardly. 
During deployment at a treatment site, the balloon is inflated 
Such that the outer restraint sleeve is expanded plastically, 
thereby allowing the stent to expand. However, this stent type 
may not have adequate radial strength for many applications 
and imposes an undesirable chronic outward stress on the 
vessel wall. As discussed above, it has been found that a 
chronic outward stress may damage the vessel wall and may 
lead to restenosis. Furthermore, the stent may lack sufficient 
flexibility during delivery to the treatment site and can be 
cumbersome to utilize. Accordingly, as will be described in 
more detail below, the present invention provides a substan 
tial improvement over the existing state of the art by provid 
ing a balloon expandable, crush-recoverable stent having a 
desirable combination of features which has not been here 
tofore available. 

With reference now to FIG. 1, for purposes of illustration, 
one preferred embodiment of an intraluminal stent 10 is illus 
trated in the expanded condition. The stent 10 comprises, 
generally, a plurality of expandable modules 20A-20E inter 
connected by flexible coupling portions 22A-22D. Each mod 
ule comprises one or more radial elements that are slidably 
interconnected for allowing the stent to expand without any 
stretching or substantial material deformation of the indi 
vidual elements. In an advantageous feature, each individual 
module (e.g., module 20A) has the ability to radially expand 
independently of the other modules (e.g., modules 20B-20E). 
Accordingly, the diameter of the deployed stent may vary 
along the longitudinal axis. As a result, the stent may be 
accurately and precisely expanded to match the particular 
shape of the vessel at the treatment site. When used for direct 
stenting, a balloon may be used to expand the modules, either 
together or individually, while simultaneously pushing 
against the vessel wall until the desired diameters are 
achieved. 
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12 
With reference now to FIG. 2, a portion of the stent is 

depicted as a Substantially flat sheet having contoured edges 
and cut-away portions. The illustrated sheet has been shaped 
to provide a single row 30 of five radial elements 30A-30E. 
Similar rows of radial elements are slidably interconnected to 
form the cylindrical stent 10 of FIG.1. In the stent embodi 
ment of FIG. 1, four rows, each identical to the row 30 shown 
in FIG. 2, are slidably interconnected. However, in an advan 
tageous feature of the illustrated embodiment, the number of 
interconnected rows in the assembled stent may be selected to 
suit the particular application. Accordingly, the row 30 of 
radial elements 30A-30E may be interconnected with any 
number of similar rows to provide a stent having a desired 
diameter. Furthermore, during manufacture, it will be appre 
ciated that the row 30 may be shaped with any length, such as 
by varying the number and width of the radial elements. 
When assembled, each radial element 30A-30E in the row 

30 forms a portion of an independently expandable module 
20A-20E of FIG.1. In an important feature, it will be appre 
ciated that the distance between radial element 30A and ele 
ment 30E remains Substantially constant during deployment 
and therefore little or no foreshortening of the stent occurs 
during deployment. Furthermore, it will be appreciated that 
each row 30 of radial elements 30A-30E is a substantially 
non-deforming structure which allows the stent to expand 
through slidable interconnections, rather than through mate 
rial deformation. 

With continued reference to FIGS. 1 and 2, spring-like 
linkage elements 32A-32D are configured for connecting 
radial elements 30A-30E together for providing the stent 10 
with excellent longitudinal flexibility. Accordingly, the stent 
is provided with the ability to bend for conforming to a curved 
body lumen. The linkage elements 32A-32D form a portion 
of the flexible coupling portions 22A-22D of FIG. 1. When 
assembled, the flexible coupling portions 22A-22D are pref 
erably substantially decoupled from the functioning slide and 
lock mechanisms of the expandable modules 20A-20E. Fur 
thermore, the flexible coupling portions 22A-22D are config 
ured with sufficient flexibility to allow each of the individual 
modules to expand in a Substantially independent manner. 
Accordingly, the flexible coupling portions 22A-22D advan 
tageously allow the stent to achieve a high degree of flexibil 
ity without compromising the functionality and reliability of 
the expandable modules. In an advantageous feature of the 
present invention, the independent nature of the modules and 
flexible coupling portions provides excellent design flexibil 
ity and allows for various combinations offeatures that can be 
configured for suiting a particular need. Still further, the link 
age elements may be advantageously configured to provide 
the desired combination of axial strength and flexibility. 

With reference now to FIG. 3, a single radial element 30A 
is illustrated in isolation for ease of description. The radial 
element 30A comprises a variety of mechanical features 
including a first engagement member in the form of a locking 
tab 40 at a first end and a second engagement member in the 
form of a hold-down tab 50 at a second end. The locking tab 
40 is provided with a thin neck portion 42 and a wide head 
portion 44. The hold-down tab 50 is also provided with a thin 
neck portion 52 and a wide head portion 54. A slot 56 is 
provided along the neckportion 52 of the hold-down tab 50 to 
provide the head portion 54 with additional bending flexibil 
ity. The radial element 30A further comprises first and second 
deflectable members 60, 62 spaced apart by a longitudinal 
gap 64. The deflectable members 60, 62 are each provided 
with a plurality of angled teeth 66 disposed along the gap 64 
in an opposing configuration. FIG. 3A is an enlarged view 
illustrating one preferred shape of an angled tooth 66 pro 
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vided along an inner edge of one deflectable member 62. The 
tooth 66 has a body 74 with and angled side 70 and a capturing 
side 72, which is provided between the body 74 and the 
deflectable member 62. With reference again to FIG. 3, the 
radial element 30A is further provided with first and second 
containment members 80, 82. The containment members are 
disposed outside the deflectable members 60, 62 such that 
first and second gaps 84, 86 are located between the contain 
ment members 80, 82 and the deflectable members 60, 62. 

In preferred embodiments, one or more capturing portions 
in the form of recesses 88 are provided along each of the 
containment members 80, 82. In the illustrated embodiment, 
the recesses 88 are provided along the inner edges of the 
containment members 80, 82. The recesses are sized and 
shaped for receiving and capturing the hold-downtab 50 from 
an interconnected radial element. When the hold-downtab 50 
is captured in the recesses 88, movement between adjacent 
interconnected radial elements is resisted Such that the stentis 
“held-down” (i.e., constrained) in a collapsed condition. 
Accordingly, the recesses 88 are configured for resisting 
undesirable expansion of the stent during delivery to the 
treatment site. The illustrated embodiment is provided with a 
number of recesses, such that the stent may be constrained at 
a variety of different diameters during delivery. In preferred 
embodiments, the recesses 88 are disposed along the contain 
ment members 80, 82 in a location such that movement 
between interconnected radial elements is resisted only when 
the stent is in the collapsed condition. 

In another advantageous feature, embodiments provided 
with a constraining mechanism may be delivered to a treat 
ment site without a delivery sheath. However, if desired for a 
particular application, embodiments of the present invention 
may be used with a delivery sheath to further constrain the 
stent in the collapsed condition and to protect the inner wall of 
the vessel during stent delivery. For example, a retractable 
delivery sheath may be configured for enclosing the stent 
during delivery. After the treatment site is reached, the sheath 
is withdrawn to expose the Stent. In another alternative con 
figuration, a vessel sheath may be used with preferred stent 
embodiments, such as, for example in a vessel graft. 

With reference now to FIGS. 4A and 4B, the slide and lock 
relationship between two identical interconnected radial ele 
ments 30A(1), 30A(2) is illustrated. For ease of description, 
the radial elements are shown lying flat in a plan view. How 
ever, during use, each of the radial elements will be curved to 
form a portion of the circumference of the stent. With par 
ticular reference now to FIG. 4A, the overlapping radial ele 
ments are illustrated in the collapsed configuration wherein 
the hold-down tab 50 of radial element 30A(1) is held within 
the recesses 88 of radial element 30A(2). The cooperation 
between the hold-down tab and the recesses provides a con 
straining mechanism for resisting slidable movement 
between the radial elements. However, as described above, 
the constraining mechanism is configured such that, under 
Sufficient radial force (e.g., during expansion of the balloon), 
the hold-downtab50 is releasable from the recesses 88. When 
released, the hold-down tab is allowed to slide along the 
containment members 80, 82. With reference now to FIG. 4B, 
the radial elements are illustrated in the expanded condition 
wherein the hold-down tab 50 of radial element 30A(1) has 
been released from the recesses 88 of radial element 30 A(2) 
for allowing the radial elements to slide apart. 

With continued reference now to FIGS. 4A and 4B, the gap 
64 between the deflectable members 60, 62 of radial element 
30A(1) is sized for receiving the locking tab 40 from radial 
element 30A(2). In particular, the neck portion 42 of the 
locking tab 40 from radial element 30A(2) extends through 
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the gap 64, with the wider head portion 44 located above the 
deflectable members 60, 62 of radial element 30A(1). The 
hold-down tab 50 of radial element 30A(1) is slidably dis 
posed over the deflectable members 60, 62 of radial element 
30A(2) and beneath the containment members 80, 82 of radial 
element 30A(2). During expansion, the interconnections 
between the hold-down tab 50 and the containment members 
80, 82 advantageously hold the radial elements in a desirable 
slidable relationship. As a result, this feature advantageously 
maintains the deflectable members in a secure position and 
ensures a proper interaction between the locking tabs 40 and 
the deflectable members 60, 62. 

With particular reference to FIG. 4B, the opposing sets of 
teeth 66 along the deflectable members 62, 64 are angled such 
that the neckportion 42 of the locking tab 40 of radial element 
30A(2) is capable of sliding between the opposing teeth 66 
during expansion of the module. During the expansion, the 
locking tab 40 contacts the angled sides of the teeth which, in 
turn, causes the deflectable members 60, 62 to deflect outward 
and apart. The deflection (i.e., spreading apart) of the deflect 
able members 60, 62 widens the gap 64 to a sufficient width 
wherein the neck portion 42 of the locking tab 40 may slid 
ably pass through while the widerhead portion 44 rides along 
the top of the deflectable members 60, 62. 
Due to the shape of the teeth, the neck portion 42 of the 

locking tab 40 is prevented from moving back through the gap 
64. Such as when a radially compressive force is applied to the 
module. More particularly, when the locking tab 40 contacts 
the capturing sides 72 of teeth 66, the deflectable members 60, 
62 are not caused to deflect outward. As a result, the locking 
tab 40 is prevented from passing between the opposing teeth 
66. Accordingly, the relationship between the deflectable 
members 60, 62 and the locking tab 40 advantageously pro 
vides mono-directional (i.e., ratcheting) expansion for lock 
ing the module in the expanded condition after deployment in 
a body lumen. 

Preferably, a plurality of teeth is provided along the 
deflectable members such that the radial elements may be 
expanded and locked at any desired diameter. Accordingly, 
the invention allows for excellent sizing, preferably allowing 
for increments in the range of about 0.05 to 0.20 mm. Due to 
the close spacing of the teeth, the mono-directional lockout 
configuration of the present invention allows the stent to be 
expanded with very little recoil, thereby minimizing the need 
for over expansion during initial deployment. Furthermore, in 
contrast to typical deformable stents (e.g., conventional bal 
loon-expandable stents), there is no elastic region of defor 
mation to cause the stent to recoil after the balloon is deflated. 
Accordingly, in preferred embodiments of the present inven 
tion, stent recoil after deployment (i.e., the collapse from an 
expanded diameter) is less than about 5%. Therefore, after 
expansion at the treatment site, the stent will remain well 
positioned along the vessel wall without the need for harmful 
and damaging over-expansion. 

Although the sets of opposing teeth are illustrated as being 
located along the inside of the deflectable members, it will be 
apparent to those skilled in the art that the location and shape 
of the teeth may be reconfigured without departing from the 
Scope of the invention. For example, in one alternative 
embodiment, the teeth may be provided along the outside of 
the deflectable members in place of, or in addition to, the 
illustrated teeth. Still further, it will be appreciated that, 
although angled teeth and locking tabs are illustrated for 
providing mono-directional expansion, any other structure 
capable of allowing relative slidable movement of radial ele 
ments in only one direction is contemplated to be within the 
Scope of the invention. 
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With reference now to FIGS. 1-4B, one preferred method 
of deploying the stent 10 in a blood vessel will be described in 
greater detail. Although the method of use is described with 
respect to a stent having multiple expandable modules 
wherein each module comprises multiple radial elements, the 
method may also be applied to a variety of alternative 
embodiments that fall within the scope of the present inven 
tion. 

First, a catheter is provided wherein an inflatable balloon, 
Such as an angioplasty balloon, is provided along a distal end 
portion. One example of a balloon catheter for use with a stent 
is described in U.S. Pat. No. 4,733,665 to Palmaz, which is 
incorporated by reference herein. An expandable stent 10 of 
the type illustrated in FIG. 1 is disposed over the inflatable 
balloon in a collapsed condition for delivery to a treatment 
site. The stent 10 preferably comprises a series of indepen 
dently expandable modules 20A-20E which are formed from 
interconnected rows 30 of radial elements 30A-30E wherein 
each radial element is formed with a hold-down tab 50 and 
recesses 88. The recesses 88 are shaped for capturing the 
hold-down tab of the adjacent radial element. If desired, a 
sheath or other cover may be disposed over the stent to protect 
the blood vessel during delivery. 
A location in the patient’s body is selected for deployment 

of the stent 10. During delivery, while the stent is disposed 
along the catheter, the hold-down tabs 50 of each radial ele 
ment are securely held within the recesses 88 of the adjacent 
radial element. Accordingly, the Stent is maintained in the 
collapsed condition as the catheter is advanced through the 
patient’s vasculature. After reaching the treatment site, the 
inflatable balloon is selectively expanded to a desired diam 
eter, thereby producing a radial force which causes the hold 
down tabs 50 to become released from the recesses 88. As the 
hold-down tabs are released, the radial elements become slid 
able relative to one another. Accordingly, the stent may be 
selectively and precisely expanded in diameter without any 
Substantial material deformation of stent components. As the 
radial elements slide along each other during expansion, the 
locking tabs 40 enter the opposing teeth 66 of the intercon 
nected radial elements for maintaining the stent in the 
expanded condition. 
When the desired diameter is achieved, the inflatable bal 

loon is deflated and removed. At this time, the locking tabs 40 
settle securely back into the teeth 66 to hold the modules 
20A-20E in the expanded condition, as shown in FIG. 1. 
Preferably, a large number of teeth are provided such only a 
Small amount of movement is required before the locking tabs 
are securely held in place by into the teeth. Therefore, the 
module may be expanded to a precise diameter with very little 
recoil. In alternative methods, this process may be repeated 
for each module individually or may be achieved for all 
modules simultaneously through the expansion of a single 
expandable member. Still further, a plurality of balloons may 
be provided along a catheter, wherein each module is dis 
posed along a different balloon, thereby allowing for simul 
taneous and independent expansion. After the stent is prop 
erly deployed, the balloon catheter is removed from the 
patient’s vasculature. 
As discussed above, embodiments of the stent are prefer 

ably formed, at least in part, from a shape memory alloy. 
Therefore, each of the individual modules exhibits crush 
recovery after deformation. Because the stent is crush-recov 
erable and exhibits excellent longitudinal flexibility, the stent 
may be effectively utilized in areas of the body where there 
are significant torsional or flexion/extension stresses (e.g., 
superficial femoral artery and popliteal artery). Similarly, the 
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stent may be used in areas of the body which are vulnerable to 
external pressures (e.g., Superficial femoral artery and carotid 
artery). 

After deployment, an expanded stent may be subjected to 
non-uniform external pressures that may cause the stent to 
form a flattened or “half-moon' shape. This occurs since 
vascular disease is often not uniform and therefore lesions are 
typically eccentrically shaped with localized irregularities. 
For purposes of illustration, FIG. 5A illustrates a cross-sec 
tion view of the stent 10 shown in FIG. 1 according to the 
present invention deployed within a blood vessel 100. As 
illustrated, an external pressure along the blood vessel 100 
has caused the stent to collapse inward. With reference now to 
FIG. 5B, the stent 10 is shown after the external pressure has 
been removed and wherein the stent has returned to the fully 
expanded condition. 

It will be appreciated that crush-recoverability of preferred 
embodiments is enhanced because the stents have individual 
radial elements disposed along the circumference for resist 
ing collapse in any one location. Furthermore, in the event 
that the stent is Subjected to large external pressures, the stent 
construction allows for crush recovery along the entire 
device. This is a Substantial improvement over stent configu 
rations known in the art, which typically exhibit only local 
ized recovery or partial recovery. It will further be appreciated 
that stents constructed according to the present invention are 
particularly advantageous over existing stents when exposed 
to non-uniform, irregular pressures. 
Due to the unique combination of features, preferred stents 

constructed according to the present invention provide a num 
ber of advantages over conventional balloon-expandable 
stents. For example, because preferred embodiments of the 
stent are expanded using interconnected slide and lock ele 
ments, rather than by material deformation of stent compo 
nents, there is no foreshortening of the stent during expan 
Sion. This is a particularly advantageous feature because 
foreshortening decreases the clinician’s ability to precisely 
place a stent in a blood vessel or other body lumen. Further 
more, in another important advantage, the stents diameter 
may be expanded using a relatively low inflation pressure. 
This feature enhances the clinicians ability to control the 
deployment of the stent and thereby reduces or eliminates 
damage to the vessel wall. Still further, as discussed above, it 
is not necessary to over-dilate the stent during deployment, 
thereby reducing injury to the vessel. In addition, as discussed 
above, the deployed stent provides a crush-recoverable struc 
ture. Accordingly, in the event that the stent is deformed due 
to external pressures, the Stent returns to its deployed diam 
eter after the pressure is removed. Further still, the stent does 
not exerta chronic outward stress on the body lumen, nor does 
the stent exhibit chronic recoil over time. Also, it is not 
necessary to over-inflate the stent during deployment to com 
pensate for recoil. Due to the ratcheting effect, exact place 
ment and sizing may be achieved. Also, due to the flexible 
coupling portions, the stent may be delivered through tortu 
ous vasculature to a small vessel. Further still, the modular 
design is well-suited for creating a stent for a particular appli 
cation in a cost-effective manner. 

Preferred embodiments of the present invention also pro 
vide a number of advantages as compared with self-expand 
ing stents. For example, the deployed stent provides a high 
radial strength that resists deformation under low external 
pressures and does not produce an undesirable chronic expan 
sion force along the inner wall of the vessel. Furthermore, due 
to the ratcheting effect of the radial elements (i.e., slide and 
lock mechanisms), the clinician advantageously maintains 
excellent control over the position and diameter of the stent 
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during the deployment process. As a result, the Stent may be 
accurately and precisely placed in the vessel without fore 
shortening or jumping during deployment. Furthermore, the 
stent requires no Substantial deformation of materials during 
expansion. In yet another advantageous feature, the stent 
provides excellent longitudinal flexibility due to the flexible 
coupling portions between the expandable modules. Still fur 
ther, the stent is provided with smooth interior and exterior 
Surfaces for preventing injury to the vessel and reducing the 
risk of thrombosis. 

In yet another advantageous feature, it will be appreciated 
that preferred embodiments of the stent may also be used for 
combination stent/vascular grafts. For example, embodi 
ments of a balloon expandable crush-recoverable stent 
described above, or alternative stent embodiments manufac 
tured from a non-crush-recoverable material could be advan 
tageously used in combination with a vascular graft material. 
In an improvement over existing techniques, the expansion 
characteristics of the improved stentallow the graft to achieve 
improved radial apposition and permanent positioning with 
out a risk of delaminating or shortening. In the present inven 
tion, when the member is expanded, there is no distortion 
along the longitudinal axis of the member and therefore the 
length remains Substantially constant as the member is 
expanded. 
The ratcheting, slide and lock geometry of preferred Stent 

embodiments also provides several advantages during the 
treatment of carotid artery atherosclerosis. For example, cli 
nicians typically predilate a carotid artery lesion, such as with 
a balloon catheter, to push the plaque against the vessel wall 
before stent placement. A self-expanding stent may then be 
placed in the artery to help maintain vessel patency. However, 
a stent constructed according to the present invention advan 
tageously allows for direct stenting of carotid arteries, 
thereby simplifying the procedure. Furthermore, the stent 
provides enhanced radial strength for resisting deformation 
due to external pressures and also provides crush-recoverabil 
ity in the event that deformation occurs. In addition, the 
amount of Surface coverage can be increased to better stabi 
lize plaque during stenting. Accordingly, preferred embodi 
ments of the present invention combine the desirable features 
of self-expanding stents and balloon expandable stents to 
substantially improve the effectiveness of the procedure and 
reduce the likelihood of plaque embolization during deploy 
ment. 

Preferred stent embodiments, as described herein, may be 
formed from a variety of suitable materials. For example, as 
discussed above, stents is formed of any shape memory mate 
rial known in the art including, without limitation, nickel 
titanium alloys, Nitinol and Elastinite R, for providing a 
crush-recoverable structure. Alternatively, thermal shape 
memory polymers or metallic materials may be used to pro 
vide a crush-recoverable structure. When thermal memory 
materials are used, the transition temperature may be set Such 
that the stent is in a collapsed condition at a normal body 
temperature. However, with the application of heat, Such as 
via a hotballoon catheter or a hot liquid (e.g., Saline) perfu 
sion system, the stent expands to assume its final diameter in 
the body lumen. 

Although preferred stent embodiments have been 
described as being crush-recoverable, those skilled in the art 
will appreciate that stent constructions according to the 
present invention may also be formed from a variety of other 
materials. For example, in alternative embodiments, func 
tional stents with applications not exhibiting Substantial crush 
recovery may be formed of non-Super elastic materials. Such 
as 316 stainless steel, tantalum, titanium, tungsten, gold, 
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platinum, iridium, rhodium and alloys thereof or pyrolytic 
carbon. In still other alternative embodiments, the stents may 
be formed of a corrodible material. Such as, for instance, a 
magnesium alloy. 

In still other preferred embodiments, stents may beformed 
from biocompatible polymers that are biostable (e.g., non 
degrading and non-erodible). Examples of Suitable non-de 
grading materials include, but are not limited to, polyure 
thane, Delrin, high density polyethylene, polypropylene, and 
poly(dimethyl siloxane). Further still, the stents may be 
formed from biocompatible polymers that are bio-resorbable 
(e.g., bio-erodible or bio-degradable). Bio-resorbable mate 
rials are preferably selected from the group consisting of any 
hydrolytically degradable and/or enzymatically degradable 
biomaterial. Examples of suitable degradable polymers 
include, but are not limited to, polyhydroxybutyrate/polyhy 
droxyvalerate copolymers (PHV/PHB), polyesteramides, 
polylactic acid, hydroxy acids (i.e. lactide, glycolide, 
hydroxybutyrate), polyglycolic acid, lactone based polymers, 
polycaprolactone, poly(propylene fumarate-co-ethylene gly 
col) copolymer (aka fumarate anhydrides), polyamides, poly 
anhydride esters, polyanhydrides, polylactic acid/polygly 
colic acid with a calcium phosphate glass, polyorthesters, 
silk-elastin polymers, polyphosphaZenes, copolymers of 
polylactic acid and polyglycolic acid and polycaprolactone, 
aliphatic polyurethanes, polyhydroxy acids, polyetheresters, 
polyesters, polydepsidpetides, polysaccharides, polyhy 
droxyalkanoates, and copolymers thereof. Further still, the 
stents may beformed of a polycarbonate material. Such as, for 
example, tyrosine-derived polycarbonates, tyrosine-derived 
polyarylates, iodinated and/or brominated tyrosine-derived 
polycarbonates, iodinated and/or brominated tyrosine-de 
rived polyarylates. For additional information, see U.S. Pat. 
Nos. 5,099,060, 5,198,507, 5,587,507,5,658,995, 6,048,521, 
6,120,491, 6,319,492, 6,475,477, 5,317,077, and 5,216,115, 
each of which is incorporated by reference herein. In yet 
another alternative embodiment, shape-shifting polymers 
may be used to fabricate stents constructed according to the 
present invention. Suitable shape-shifting polymers may be 
selected from the group consisting of polyhydroxy acids, 
polyorthoesters, polyether esters, polyesters, polyamides, 
polyesteramides, polydepsidpetides, aliphatic polyurethanes, 
polysaccharides, polyhydroxyalkanoates, and copolymers 
thereof. For addition disclosure on bio-degradable shape 
shifting polymers, see U.S. Pat. No. 6,160,084, which is 
incorporated by reference herein. For additional disclosure on 
shape memory polymers, see U.S. Pat. Nos. 6,388,043 and 
6,720,402, each of which are incorporated by reference 
herein. Additionally the device could be comprised of any 
number of other polymers. In still other alternative embodi 
ments, metals and polymers may be used to fabricate stent 
embodiments in a composite, laminate reinforced material, or 
one that is simply coated with the material. 

Stents according to the present invention are preferably 
formed with thin walls for providing a low crossing profile 
and for allowing excellent longitudinal flexibility. In pre 
ferred embodiments, the wall thickness is about 0.0001 
inches to about 0.0250 inches, and more preferably about 
0.0010 to about 0.0100 inches, and stillmore preferably about 
0.0018 inches to about 0.0022. However, the wall thickness 
depends, at least in part, on the selected material. For 
example, the thickness may be less than about 0.0060 inches 
for plastic and degradable materials and may be less than 
about 0.0020 inches for metal materials. More particularly, 
when a plastic material is used, the thickness is preferably in 
the range of about 0.0040 inches to about 0.0045 inches. 
However, a stent having a diameter of about 6 mm, Such as for 
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biliary and other peripheral vascular applications, the mate 
rial thickness is preferably about 0.0018 inches to about 
0.0022. The above thickness ranges have been found to pro 
vide preferred characteristics through all aspects of the device 
including assembly and deployment. However, it will be 
appreciated that the above thickness ranges should not be 
limiting with respect to the scope of the invention and that the 
teachings of the present invention may be applied to devices 
having dimensions not discussed herein. 

Preferred methods of fabricating the individual stent ele 
ments include, but are not limited to, laser cutting, laser 
ablation, die-cutting, chemical etching, and stamping and 
water jet cutting of either tube or flat sheet material. Further 
one may use plasma etching or other methods known in the art 
which are capable of producing high-resolution and polished 
components. Once the base geometry is achieved, the frames 
can be processed numerous ways. For example, elements can 
be electropolished and then assembled, or electropolished, 
coated, and then assembled, or assembled and then elec 
tropolished. The current invention is not limited to the means 
by which stent or stent elements can be fabricated. 

The method of manufacture, in some embodiments, 
depends on the material used to form the stent. Chemical 
etching provides high-resolution components at relatively 
low price, particularly in comparison to high cost of competi 
tive product laser cutting. Some methods allow for different 
front and back etch artwork, which could result in chamfered 
edges, which may be desirable to help improve engagements 
of lockouts. In one preferred method of manufacture, the 
components of the stent may be heat set at various desired 
diameters. For example, the stent may be set to have a diam 
eter equal to that of the deflated balloon, as deployed, at a 
maximum diameter, or greater than the maximum diameter. 
In a preferred embodiment, the stent is heat set at beyond the 
maximum diameter then built mid diameter than placed over 
catheter and reverse ratcheted and locked into smaller diam 
eter and onto catheter with positive catch hold down mecha 
nism to achieve a small profile and excellent retention. 

With reference now to FIGS. 6A through 6C, a first alter 
native embodiment of a radial element 130 is illustrated for 
use with a balloon expandable, crush-recoverable stent con 
structed according to the present invention. With particular 
reference to FIG. 6A, the radial element 130 is provided with 
guide tabs 132, 134 and a locking tab 136 disposed therebe 
tween. With reference now to FIGS. 6B and 6C, the slide and 
lock relationship between interconnected radial elements 130 
(1) and 130(2) is illustrated. The guide tabs 132,134 of radial 
element 130(2) ride along first and second containment mem 
bers 142,144 of radial element 130(1). The locking tab 136 of 
radial element 130(2) extends through a gap 150 between first 
and second deflectable members 146, 148 of radial element 
130(1). Hold-downtabs 138,140 on radial element 130(2) are 
also provided for holding radial element 130(1) in a desirable 
slidable arrangement. FIG. 6B illustrates the radial elements 
in a collapsed condition and FIG. 6C illustrates the radial 
elements in the expanded condition. After expansion, the 
locking tab 136 of 130(2) is disposed in the gap between 
deflectable members 146, 148 of 130(1) and is prevented 
from collapsing by the teeth of radial element 130(1). 

With reference now to FIGS. 7A through 7C, a second 
alternative embodiment of a radial element 150 is illustrated 
for use with a balloon expandable, crush-recoverable stent 
constructed according to the present invention. With particu 
lar reference to FIG. 7A, the radial element 150 is provided an 
upper locking tab 160 and two lower locking tabs 162, 164 
disposed underneath. The upper locking tab 160 is configured 
to extend through a gap 180 between first and second deflect 
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able members 176, 178. The outer edges of the upper locking 
tab 160 are held beneath first and second containment mem 
bers 172, 174. In an important feature of this embodiment, 
teeth 186, 188 are provided along both sides of each of the 
deflectable members 176, 178. More particularly, the inner 
teeth 186 engage the upper locking tab and the outer teeth 188 
are received in the space between the lower locking tabs 162, 
164 and a neckportion of the locking tab 160. With reference 
now to FIGS. 7B and 7C, radial elements 150(1) and 150(2) 
are slidably interconnected such that upper locking tab 160 of 
radial element 150(2) is disposed over deflectable members 
176, 178 and under containment members 172,174. FIG. 7B 
illustrates the interconnected radial elements in the collapsed 
condition and FIG. 7C illustrates the interconnected radial 
elements in an expanded condition. Similarly, the inner teeth 
of radial element 150(1) engage the locking tab 160 of radial 
element 150(2) such that the radial elements are held in the 
expanded condition. Furthermore, the outer teeth of 150(1) 
engage the tabs 162, 164 to further prevent undesirable col 
lapse. 

For purposes of illustrations, certain preferred constraining 
mechanisms have been illustrated and described above for 
holding the interconnected radial elements in the collapsed 
condition. However, it will be appreciated that embodiments 
of the present invention may be configured with a wide vari 
ety of constraining mechanisms for receiving and capturing a 
portion of an adjacent radial element. For example, in various 
other embodiments, constraining mechanisms may take the 
form of catches, bendable tabs, deflectable elements, and 
adhesive connections. 

With reference now to FIG. 8, one alternative embodiment 
of a constraining mechanism 200 generally comprises hooks 
202 provided along a first radial element 200(1) which coop 
erate with loops 204 provided along a second radial element 
200(2). The hooks 202 are configured to be sufficiently flex 
ible such that they may be released from the loops 204 under 
Sufficient radial force (e.g., during inflation of the balloon). In 
an advantageous feature, the flexibility of the hooks can be 
selected Such that the constraining mechanism 200 releases at 
a particular desired force. 

With reference now to FIG.9, another alternative embodi 
ment of a constraining mechanism 210 is illustrated that may 
be used alone or in combination with other constraining 
mechanisms. This constraining mechanism 210 generally 
comprises a wing 212 on a first radial element 210(1) that is 
held within a gap 214 formed in an adjacent radial element 
210(2). The wing 212 is configured to bow or flex by a 
Sufficient amount Such that it may be released from the gap 
214 under a radial force. In the illustrated embodiment, a 
plurality of gaps is provided Such that the stent may be held 
down in a collapsed condition at a variety of different diam 
eters. It will be appreciated that this embodiment, as well as 
other preferred embodiments described herein, comprises a 
constraining mechanism that is integrated into the structure of 
the interconnected radial elements. According, in an advan 
tageous feature, there is no structure to remove or break-away 
for releasing the stent from the collapsed condition during 
deployment. 

With reference now to FIG.10, another alternative embodi 
ment of a constraining mechanism 220 is illustrated wherein 
a tab 222 on a first radial element 220(1) is received within a 
gap 224 on a second radial element 220(2). The gap 224 is 
provided with a neck portion 226 that prevents the tab. 222 
from sliding out in the absence of force. However, under 
sufficient radial force, the neckportion 226 of radial element 
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22002) bows outward to provide a sufficiently large gap such 
that the tab. 222 of radial element 220(1) may slide there 
between. 

With reference now to FIGS. 11A-11C, yet another alter 
native embodiment of a constraining mechanism 230 is illus 
trated for holding adjacent radial elements in a collapsed 
condition during delivery. The constraining mechanism 230 
generally comprises arms 234 extending from a first end of a 
first radial element 230(1) and corresponding locks 232 that 
are provided along a second radial element 230(2). FIG. 11A 
illustrates the first and second interconnected radial elements 
in an unlocked configuration. FIG. 11B illustrates the arms 
234 of the first radial element sliding over the locks 232 of the 
second radial element as the radial elements are being moved 
into a locked (i.e., collapsed) position. As the arms 234 slide, 
the locks 232 flex to allow the arm to pass over. As shown in 
FIG.11C, the arms 234 are located beyond the locks 232 such 
that the arms 234 are held down in a crimped position. When 
a balloon is inflated, the first radial element bows such that the 
arms 234 slide out from underneath the locks 232 for allowing 
the radial elements to slide with respect to each other. 

In yet another alternative embodiment of a balloon expand 
able crush-recoverable stent, it will be appreciated that 
deflectable teeth may be used, rather than deflectable mem 
bers, to provide the stent with mono-directional expansion. 
For example, FIG. 12 illustrates a portion of another stent 
embodiment 300 wherein two radial elements 300(1), 300(2) 
are slidably interconnected. Each radial element is provided 
with a longitudinal member 308 having a plurality of deflect 
able teeth 306. Similar radial elements may be coupled via 
flexible linkage elements 310,312 to provide a stent having a 
desired axial length. In this embodiment, locking tabs 302, 
304 are configured to ride along the sides of the deflectable 
teeth 306. Each of the teeth is sufficiently flexible such that 
the teeth may deform inward toward the longitudinal member 
308 (i.e., within the plane of the radial element) for allowing 
the locking tabs 302,304 to pass in one direction. However, 
due to the angle of the teeth, the locking tabs are prevented 
from moving in the other direction, thereby providing yet 
another preferred mechanism for maintaining the stent in the 
expanded condition after deployment. 

With reference now to FIG. 13, a portion of another pre 
ferred stent embodiment 320 is illustrated wherein radial 
elements 320(1), 32002) are slidably interconnected. Similar 
to the embodiment just described, each radial element is 
provided with a single longitudinal member 328 having a 
plurality of deflectable teeth 326. However, in this embodi 
ment, each of the teeth is angled upward and is configured to 
deflect downward (i.e., in a radial direction), rather than 
inward toward the longitudinal member as discussed with 
respect to FIG. 12. As the locking tabs 322,324 ride along the 
deflectable teeth 326, the teeth are caused to deflect down 
ward for allowing the tabs 322,324 to pass over the teeth 326 
during deployment. However, due to the angle of the teeth, the 
locking tabs may only move in one direction. More particu 
larly, if a compressive force pushes the radial elements 320 
(1), 320(2) back toward the collapsed condition, the locking 
tabs 322,324 will abut against the teeth 326, thereby prevent 
ing further relative movement. For additional reference, FIG. 
14 illustrates radial element 320(1) in isolation. Flexible link 
age elements 330, 332 allow multiple radial elements to be 
joined to form a row. 

With reference now to FIG. 15, a portion of another stent 
embodiment 340 is illustrated wherein radial elements 340 
(1),340(2) are slidably interconnected. Each radial element is 
provided with an outer surface formed, at least in part, with a 
series of serrations or ridges. More particularly, the Surfaces 
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comprise a series of valleys 344 and ridges 346. In the illus 
trated configuration, a locking tab 342 of radial element 340 
(2) slides along the surface of radial element 340(1). The 
locking tab 342 is formed with a thin neckportion 350 and a 
wider head portion 352. The neck portion 350 is configured 
for allowing the head 352 to deflect outward in a radial direc 
tion. The shape of the valleys 344 and ridges 346 allows the 
head 352 of the locking tab 342 to ratchet along the surface of 
the adjacent element in only one direction, thereby providing 
a locking means to maintain the stent in the expanded condi 
tion. Although the ridges and Valleys are only necessary along 
the region wherein the locking tab slides, each of the radial 
elements may beformed with a continuous contoured Surface 
for ease in manufacturing. In one variation, the shaped bottom 
surface of the first element 340(1) may slide along the top 
surface of the shaped second element 340(2) for providing the 
desired ratcheting effect. In this variation, the tab 342 may be 
used primarily for interconnecting the elements in a slidable 
configuration. 

With reference now to FIG.16, another alternative row 400 
of radial elements 400A-400E is illustrated. In this embodi 
ment, the individual radial elements are coupled in a stag 
gered arrangement by a series of flexible rails 420. In pre 
ferred embodiments, the illustrated row 400 may be slidably 
interconnected with other similar rows to provide a balloon 
expandable crush-recoverable stent. Each of the radial ele 
ments is Substantially identical and includes a locking tab 402 
having a neckportion 410. Each of the radial elements further 
includes a containment gap 408 for holding an adjacent lock 
ing tab and a series of opposing teeth 406 for providing a stent 
exhibiting mono-directional expansion. 

With reference now to FIGS. 17A and 17B, the slide and 
lock relationship between interconnected radial elements of 
the type shown in FIG. 16 is illustrated. FIG. 17A shows the 
radial elements 400A(1), 400A(2) in a collapsed configura 
tion wherein the locking tab 402 of radial element 400A(2) is 
held within the containment gap 408 of radial element 400A 
(1). The body of radial element 400A(2) extends through a 
slot 404 formed in radial element 400A(1) for maintaining the 
elements in the desired slidable relationship. FIG. 17B shows 
the radial elements 400A(1), 400A(2) in an expanded condi 
tion. As shown in FIG.17B, the locking tab 402 of 400A(2) is 
disposed in the gap 416 between deflectable members 412, 
414 of 400A(1) and is locked in place by teeth 406. 

In one advantageous feature, a stent comprising the sliding 
and locking rows illustrated in FIGS. 16 through 17B pro 
vides improved uniformity in Surface coverage due to the 
staggered relationship of the individual radial elements. Fur 
thermore, the Stent is capable of providing adequate Support 
to the body lumen while minimizing the total area of surface 
coverage. This is a particularly advantageous feature since a 
large percentage of the natural inner Surface of the body 
lumen remains exposed after stent deployment. In another 
advantageous feature, each radial element passes through the 
slot 404 of the adjacent radial element for securely maintain 
ing the components in a slidably interlocked condition. Still 
further, this stent embodiment provides excellent flexibility 
after deployment. 
As discussed above, it will be appreciated by those skilled 

in the art that stents constructed according to the present 
invention may comprise a wide variety of other slide and lock 
elements while still providing the features and advantages 
described herein. The slide and lock elements illustrated and 
described above are merely preferred embodiments and alter 
native slide and lock elements may be employed without 
departing from the scope of the invention. For example, a 
variety of alternative one-way locking mechanisms, which 
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may be used to facilitate mono-directional stent expansion, 
can be found in Applicant’s co-owned U.S. Pat. Nos. 6,033, 
436, 6.224,626 and 6,623.521, each of which is incorporated 
by reference herein. 

With reference now to FIG. 18, yet another preferred 5 
embodiment of a balloon-expandable, crush-recoverable 
stent 500 comprises alternative slide and lock mechanisms 
which are interconnected to provide a tubular member sized 
for deployment in a body lumen. In the illustrated embodi 
ment, a plurality of interconnected rows 500A-500D is pro- 10 
vided wherein each row preferably extends along the entire 
axial length of the stent 500. This stent configuration advan 
tageously combines excellent longitudinal flexibility (i.e., 
bending) with a very high radial strength. Although the stent 
500 shown in FIG. 18 is illustrated with four interconnected 15 
rows 500A-500D, the number and length of the rows may 
vary to meet the particular requirements of the application. 

With reference now to FIG. 18A, a single row 500A com 
prises a structure shaped for providing the stent with excellent 
flexibility along the longitudinal axis. This feature allows the 20 
stent to bend during delivery and to more easily conform to 
the shape of a body lumen after deployment. Furthermore, 
this embodiment eliminates the need for flexible linkage ele 
ments. The row 500A illustrated in FIG. 18A includes a series 
of peaks 502 and valleys 504 wherein each peak is provided 25 
with a protrusion 506 and each valley is provided with a slot 
(e.g., see 510 of FIG. 18) shaped for receiving an adjacent 
protrusion. As illustrated, each of the protrusions 506 is pref 
erably provided with two parallel deflectable members 514 
formed with a number of teeth 508. Each of the teeth 508 is 30 
formed with an angled side and a flat side. Furthermore, each 
of the protrusions 506 is formed with a gap 512 extending 
between the deflectable members 514. 
When assembled, the protrusions 506 are slidably received 

within the slots 510 as illustrated in FIG. 18. The interaction 35 
between the angled teeth 508 and slots 510 is preferably 
configured to provide a stent 500 exhibiting mono-directional 
expansion. In particular, during expansion, the interaction 
between the teeth 508 and the slot 510 causes the deflectable 
members 514 to flex inward for allowing the teeth to pass 40 
through the slot 510. The deflectable members 514 are caused 
to flex inward because the edges of the slot act on the angled 
side of the teeth. However, when a force is applied in the other 
direction, the flat sides of the teeth abut against the edges of 
the slot and no inward force is produced. Accordingly, the 45 
teeth 508 are prevented from sliding back out of the slots 510, 
thereby maintaining the stent in the expanded condition after 
deployment at a treatment site. 

In preferred embodiments, the force required to move the 
protrusions through the slots is large enough such that the 50 
stent will not inadvertently expand during delivery to the 
treatment site. Therefore, the stent is held down in the col 
lapsed condition before the balloon is expanded. If necessary, 
the assembly may be constructed such that the initial resis 
tance produced by the first set of teeth on each protrusion is 55 
greater to ensure that the stent remains in the collapsed con 
dition during delivery. 

In an advantageous feature, each of the mating protrusions 
and slots may move (i.e., ratchet) independently of the others. 
Accordingly, in addition to providing excellent flexibility, the 60 
diameter of the stent may vary along the longitudinal axis for 
precisely conforming to the inner diameter of the vessel. In 
still another advantage, the protrusions are received within 
slots formed in the adjacent row. Therefore, the slide and lock 
mechanism maintains a very low profile after deployment. 65 

With reference now to FIG. 19, a balloon-expandable, 
crush-recoverable stent 550 comprises yet another configu 
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ration of slide and lock elements which are interconnected to 
provide a tubular member sized for deployment in a body 
lumen. Similar to the stent described above with respect to 
FIG. 18, in this embodiment, a plurality of interconnected 
rows 550A-550D is provided wherein each row preferably 
extends along the entire axial length of the stent 550. 
Although the stent 550 shown in FIG. 19 is illustrated with 
four interconnected rows 550A-550D, the number and length 
of the rows may vary to meet the particular requirements of 
the application. 

With reference now to FIG. 19A, a single row 550A com 
prises a structure shaped for providing the stent with excellent 
flexibility. This feature allows the stent to bend during deliv 
ery and to more easily conform to the shape of a body lumen 
after deployment. The row illustrated in FIG. 19A includes a 
series of peaks 552 and valleys 554 wherein each peak is 
provided with a protrusion 556 and each valley is provided 
with a slot extending therethrough. Each of the protrusions 
556 is preferably provided with two deflectable members 564 
formed with a number of teeth 558. Each of the teeth 558 is 
formed with an angled side and a flat side. Furthermore, each 
of the protrusions 556 is formed with a gap 562 extending 
between the deflectable members 564. When assembled, the 
protrusions 556 are slidably received within the slots 560 as 
illustrated in FIG. 19. The interaction between the angled 
teeth 558 and slots 560 is preferably configured to provide a 
stent 550 exhibiting mono-directional expansion. In particu 
lar, during expansion, the interaction between the teeth 558 
and the slot 560 causes the deflectable members 564 to flex 
inward for allowing the teeth to pass through the slot 560. The 
deflectable members 564 are caused to flex inward because 
the sides of the gap act on the angled side of the teeth. 
However, when a force is applied in the opposite direction, the 
flat sides of the teeth abut against the sides of the gap and no 
inward force is produced. Accordingly, the teeth 558 are 
prevented from sliding back out of the slots 560, thereby 
maintaining the stent in the expanded condition after deploy 
ment at a treatment site. 

With reference again to the embodiment illustrated in FIG. 
19, the protrusions preferably pass in a radial direction 
through the gaps in the adjacent rows. After deployment, an 
end portion of each protrusion may protrude radially outward 
from the tubular member, as shown in FIG. 19. The end 
portions may advantageously provide an anchoring mecha 
nism for further securing the stent 550 at the treatment site 
after deployment. In another advantageous feature, the stent 
embodiment 550 illustrated in FIG. 19 may be constructed in 
an inexpensive manner and provides a modular design that 
may be combined in a variety of different ways to provide an 
expandable stent Suited for a particular purpose. 

With reference now to FIGS. 20 and 21, yet another 
embodiment of an expandable structure 600 for use with a 
balloon expandable stent is illustrated. In this embodiment, a 
series of links 604 may be pivotally connected to provide an 
expandable module shaped as a tubular member. Each of the 
links 604 has a first end 606 and a second end 608. The first 
end is provided with a pin or connector (not shown). The 
second end 608 is provided with a gap for receiving the 
connector in a pivotal relationship. The connector may be 
shaped Such that the connector initially resists pivoting within 
the gap for constraining the stent in the collapsed condition 
during delivery. Each link 604 is also preferably provided 
with a flexible mechanism 612 for connecting multiple 
expandable modules together to form a stent having a desired 
axial length. Ridges 610 may be provided along the surface of 
each link to create a barrier, thereby limiting the pivoting of 
the links in the collapsed direction. FIG. 20 illustrates the 
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expandable structure in the collapsed condition. FIG.21 illus 
trates the expandable structure 600 of FIG. 20 in the expanded 
condition. 

FIGS. 22A through 22C illustrate yet another alternative 
embodiment of the present invention wherein an expandable 
stent is formed from a single element 700. The single element 
700 may function in a manner similar to certain embodiments 
described above. More particularly, the element 700 includes 
a locking tab 740 having a wide head portion 744 and a thin 
neckportion 742. The stent also includes a hold-down tab 750 
having a wide head portion 754 and a thin neck portion 752. 
Still further, the stent includes first and second deflectable 
members 760, 762 formed with teeth 766 along an inner edge. 
The element 700 also includes first and second containment 
members 780, 782 disposed in parallel to the deflectable 
members. As illustrated in FIG.22B, the single radial element 
is rolled onto itself to provide a tubular member with the head 
portion 742 of the locking tab 740 extending through a gap 
764 between the deflectable members 760, 762. When in the 
collapsed condition, as shown in FIG.22B, the hold-downtab 
750 is held within recesses (see element 788 of FIG.22A) that 
prevents the stent from expanding during delivery to a treat 
ment site. However, during delivery, the hold-down tab 750 is 
released from the recesses 788 and the diameter of the radial 
element expands. During expansion, the locking tab 740 
passes through the teeth 766 along the deflectable members 
760, 762 until the stent is expanded to the desired diameter, as 
shown in FIG.22C. The configuration of the teeth prevent the 
locking tab 740 from moving back, thereby ensuring that the 
stent is held in the expanded condition. In an advantageous 
feature, this embodiment, which has a jelly-roll configura 
tion, does not involve any interconnected components and 
therefore benefits from simplicity in construction. Accord 
ingly, during use, this embodiment provides excellent reli 
ability and structural integrity. 

Although a stent formed from a single integral element is 
described above as having particular mechanical characteris 
tics for locking the stent in the expanded condition, a variety 
of other “slide and lock' mechanisms may be used without 
departing from the scope of the invention. For example, other 
suitable locking mechanism may be found in U.S. Pat. No. 
5,344,426 to Lau, U.S. Pat. Nos. 5,735,872 and 5,876,419 to 
Carpenter, U.S. Pat. No. 5,741,293 to Wijay, U.S. Pat. No. 
5.984,963 to Ryan, U.S. Pat. Nos. 5,441.515 and 5,618.299 
by Khosravi, U.S. Pat. No. 5,306.286 to Stack, U.S. Pat. No. 
5,443,500 to Sigwart, U.S. Pat. No. 5,449,382 to Dayton, U.S. 
Pat. No. 6,409,752 to Boatman, and the like. Each of these 
references is incorporated by reference herein. In addition, 
many of the slide and lock mechanisms disclosed in the above 
patents may be suitable for use with stents embodiments 
comprising slidable interconnected elements of the type 
described above. 

Although certain preferred embodiments are described 
above as providing mono-directional expansion during stent 
deployment, it will be appreciated that, in another mode of the 
present invention, the teeth or other engaging elements may 
be shaped and positioned to allow bi-directional movement 
(i.e., both expansion and contraction). More particularly, the 
teeth may be constructed to allow for two-way movement 
between adjacent radial elements, such that the stent diameter 
may be collapsed after deployment. The teeth create a barrier 
that resists the stent from expanding or reducing in diameter. 
However, the resistance created by the teeth may be overcome 
during placement of the stent on a balloon and during deploy 
ment in the vessel. Preferably, the amount of resistance cre 
ated by the teeth is selected such that the stent diameter will 
not reduce due to external pressures after deployment in the 
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vessel. However, the teeth do not provide a locking mecha 
nism that limits stent movement to mono-directional expan 
Sion. Accordingly, the diameter of the stent may be reduced 
for placement on an expandable member. This feature pro 
vides a constraining or “hold-down mechanism that allows 
the stent to be placed on expandable member and also pre 
vents the stent from expanding prematurely. This embodi 
ment advantageously obviates the need for deformable tabs, 
pins, crimping mechanisms or other hold-down mechanisms. 

Preferred stent embodiments described above provide a 
variety of improved expandable structures primarily config 
ured to treat body lumens by maintaining the patency of the 
lumens. To further enhance the effectiveness of the treatment, 
the stent embodiments described above may comprise an 
amount of a therapeutic agent (e.g., a pharmaceutical agent 
and/or biologic agent) Sufficient to produce a selected thera 
peutic effect. The term "pharmaceutical agent’, as used 
herein, encompasses a Substance intended for mitigation, 
treatment, or prevention of disease that stimulates a specific 
physiologic (e.g., metabolic) response. The term “biological 
agent, as used herein, encompasses any Substance that pos 
sesses structural and/or functional activity in a biological 
system, including without limitation, organ, tissue or cell 
based derivatives, cells, viruses, vectors, nucleic acids (e.g., 
animal, plant, microbial, and viral) that are natural and 
recombinant and synthetic in origin and of any sequence and 
size, antibodies, polynucleotides, oligonucleotides, cDNAs, 
oncogenes, proteins, peptides, amino acids, lipoproteins, gly 
coproteins, lipids, carbohydrates, polysaccharides, lipids, 
liposomes, or other cellular components or organelles for 
instance receptors and ligands. Furthermore, the term “bio 
logical agent, as used herein, includes virus, serum, toxin, 
antitoxin, vaccine, blood, blood component or derivative, 
allergenic product, or analogous product, or arsphenamine or 
its derivatives (or any trivalent organic arsenic compound) 
applicable to the prevention, treatment, or cure of diseases or 
injuries of man (per Section 351(a) of the Public Health 
Service Act (42 U.S.C. 262(a)). Still further, the term “bio 
logical agent may include the following: 1) “biomolecule'. 
as used herein, encompassing a biologically active peptide, 
protein, carbohydrate, Vitamin, lipid, or nucleic acid pro 
duced by and purified from naturally occurring or recombi 
nant organisms, antibodies, tissues or cell lines or synthetic 
analogs of Such molecules, 2) "genetic material” as used 
herein, encompassing nucleic acid (either deoxyribonucleic 
acid (DNA) or ribonucleic acid (RNA), genetic element, 
gene, factor, allele, operon, structural gene, regulator gene, 
operator gene, gene complement, genome, genetic code, 
codon, anticodon, messenger RNA (mRNA), transfer RNA 
(tRNA), ribosomal extrachromosomal genetic element, plas 
magene, plasmid, transposon, gene mutation, gene sequence, 
exon, intron, and, 3) “processed biologics, as used herein, 
Such as cells, tissues or organs that have undergone manipu 
lation. The therapeutic agent may also include vitamin or 
mineral Substances or other natural elements. 

Therapeutic agents can be incorporated onto the stent on at 
least one region of the stent Surface, or in Some cases in the 
stent, thereby providing local release of such agents. In some 
preferred embodiments of the stent, the therapeutic agent is 
delivered from a polymer coating on the stent Surface. In 
another preferred variation the therapeutic agent is delivered 
by means of no polymer coating. In other preferred embodi 
ments of the Stent, the therapeutic agent is delivered from at 
least one region or one surface of the stent. In other preferred 
embodiments of the stent, if comprised of polymer rather than 
a metal, the therapeutic agent is contained within the stent as 
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the agent is blended with the polymer or admixed by other 
means known to those skilled in the art. 

Various preferred therapeutic agents may be provided to 
control restenosis, including neointimal thickening, intimal 
hyperplasia and in-stent restenosis or limits vascular Smooth 5 
muscle cell overgrowth, in the lumen of the treated vessel. 
Vascular stent applications and other body applications may 
require a different therapeutic or more than one therapeutic. A 
variety of compounds are considered to be useful in control 
ling vascular restenosis and in-stent restenosis. Some of these 10 
preferred agents that improve vascular patency include with 
out limitation paclitaxel, Rapamycin, ABT-578, everolimus, 
dexamethasone, nitric oxide modulating molecules for endot 
helial function, tacrolimus, estradiol, mycophenolic acid, 
C6-ceramide, actinomycin-D and epothilones, and deriva- 15 
tives and analogs of each. 

Preferred therapeutic agents may also be provided to limit 
or inhibit thrombosis or affect some other state of the stented 
tissue, for instance, heal a Vulnerable plaque, inhibit plaque 
rupture, stimulate endothelialization or limit other cell types 20 
from proliferating and from producing and depositing extra 
cellular matrix molecules. The agents may be selected from 
the group consisting of but not limited to: antiproliferative 
agents, anti-inflammatory, anti-matrix metalloproteinase, 
and lipid lowering, anti-thrombotic and antiplatelet agents, in 25 
accordance with preferred embodiments of the present inven 
tion. 

In one preferred stent embodiment, the device delivers one 
or more therapeutic agents to treat the Vulnerable plaque 
lesion Such as an anti-inflammatory, a lipid lowering/matrix 30 
altering therapeutic and/or an antiproliferative. The anti-in 
flammatory may include aspirin, an effective neutralizer of 
inflammation, losartan, an angiotensin receptor blocker or 
pravastatin, a 3-Hydroxy-3-Methyl-Glutaryl Coenzyme A 
(HMG-CoA) reductase inhibitor. Further delivery of statins, 35 
such as pravastatin and fluvastatin, which are 3-HMG-CoA 
reductase inhibitors may interstitial collagen gene expression 
and lower matrix metalloproteinases (MMP-1, MMP-3, and 
MMP-9) expression to effectively stabilize the Vulnerable 
plaque lesions. Local stent delivery of lipid-lowering agent, 40 
for example Pravastatin, may also improve plaque stability. 

In another preferred stent embodiment, the device delivers 
an antiplatelet agent that acts by glycoprotein IIb/IIIa recep 
tor inhibition or other means such as but not limited to aspirin, 
Plavix (clopidogrel bisulfate), ticlopidine, integrelin, and 45 
dipyridamole. In another preferred stent embodiment the 
device delivers an antithrombin agent that acts by thrombin 
inhibition or other means Such as heparin, low molecular 
weight heparin (LMWH), polyamine to which dextran sulfate 
and heparin are covalently bonded, heparin-containing poly- 50 
mer coating for indwelling implants (MEDI-COAT by STS 
Biopolymers), polyurethane urea/heparin, R-Hirudin, Hiru 
log, hirudin/prostacyclin and analogues, argatroban, efegat 
ran, and tick anticoagulant peptide. Additional anti-thrombo 
genic Substances and formulations may include but are not 55 
limited to endothelium-derived relaxing factor, prostaglandin 
I2, plasminogen activator inhibitor, tissue-type plasminogen 
activator (tPA), ReoPro: anti-platelet glycoprotein IIb/IIIa 
integrin receptor, fibrin and fibrin peptide A, lipid-lowering 
drugs, e.g., Omega-3 fatty acids, and Chrysalin (aka TRAP- 60 
508) by Chrysalis Vascular Technologies. 

Various compounds address other pathologic events and/or 
vascular diseases. Some of these therapeutic target com 
pounds are agents to treat endothelial injury (e.g., VEGF; 
FGF), agents to modulate cell activation and phenotype (e.g., 65 
MEF-2 & Gax modulators: NFKB antagonists; cell cycle 
inhibitors), agents for dysregulated cell growth (e.g., E2F 
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decoys; RB mutants; cell cycle inhibitors), agents for dys 
regulated apoptosis (e.g., Bax or CPP32 inducers; Bcl-2 
inhibitors; integrin antagonists) and agents for abnormal cell 
migration (e.g., integrin antagonists; PDGF blockers; plasmi 
nogen activator inhibitors). 

Various therapeutic agents to be coated or incorporated 
within the stent polymer may be classified in terms of their 
sites of action in the host. The following agents are believed to 
exert their actions extracellularly or at specific membrane 
receptor sites. These include corticoids and other ion channel 
blockers, growth factors, antibodies, receptor blockers, 
fusion toxins, extracellular matrix proteins, peptides, or other 
biomolecules (e.g., hormones, lipids, matrix metalloprotein 
ases, and the like), radiation, anti-inflammatory agents 
including cytokines such as interleukin-1 (IL-1), and tumor 
necrosis factor alpha (TNF-C.), gamma interferon (interferon 
Y), and Tranilast, which modulate the inflammatory response. 

Other groups of agents exert their effects at the plasma 
membrane. These include those involved in the signal trans 
duction cascade, such as coupling proteins, membrane asso 
ciated and cytoplasmic protein kinases and effectors, tyrosine 
kinases, growth factor receptors, and adhesion molecules 
(e.g., selectins and integrins). 
Some compounds are active within the cytoplasm, includ 

ing for example, heparin, ribozymes, cytoxins, antisense oli 
gonucleotides, and expression vectors. Other therapeutic 
approaches are directed at the nucleus. These include gene 
integration, proto-oncogenes, particularly those important 
for cell division, nuclear proteins, cell cycle genes, and tran 
Scription factors. 

Other therapeutic substances that may be useful as stent 
coatings and/or depot formulations incorporated within 
degradable stents include: antibodies e.g., ICAM-1 antibod 
ies for inhibition of monocyte chemotactic recruitment and 
adhesion, macrophage adhesion and associated events (Ya 
sukawa et al., 1996, Circulation); toxin based therapies such as 
chimeric toxins or single toxins to control vascular SMC 
proliferation (Epstein et al., 1991, Circulation); bfGF-sa 
porin to selectively stop SMC proliferation among those cells 
with a large number of FGF-2 receptors (Chen et al., 1995, 
Circulation), Suramin inhibits migration and proliferation by 
blocking PDGF-induced and/or mitogen activated protein 
kinase (MAPK-AP-1)-induced signaling (Hu et al. Circula 
tion, 1999); Beraprost Sodium, a chemically stable prostacy 
clin analogue (PGI2), Suppresses intimal thickening and 
luminal narrowing of coronary arteries. (Kurisu et al., 
Hiroshima J. MedSci, 1997); Verapamil inhibits neointimal 
smooth muscle cell proliferation (Brauner et al., J Thorac 
Cardiovasc Surg 1997), agents that block the CD 154 or 
CD40 receptor may limit the progression of atherosclerosis 
(E Lutgens et al., Nature Medicine 1999), agents that control 
responses of shear stress response elements or mechanical 
stress or strain elements or heat shock genes; and anti 
chemoattractants for SMC and inflammatory cells. 

In addition or in the alternative, cells could be encapsulated 
in a degradable microsphere, or mixed directly with polymer, 
or hydrogel. Living cells could be used to continuously 
deliver molecules, for instance, cytokines and growth factors. 
Cells of any origin may be used inaccordance with this aspect 
of the present invention. Further, nonliving cells may be used 
and preserved, or dehydrated cells that retain their purpose 
when rehydrated may also be used. Still further, native cells, 
chemically modified (processed) cells, and/or genetically 
engineered cells may be used. 

In various embodiments, the therapeutic agents may be 
polar or possess a net negative or positive or neutral charge. 
They may be hydrophobic, hydrophilic or Zwitterionic or 
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have a great affinity for water. Release may occur by con 
trolled release mechanisms, diffusion, interaction with 
another agent(s) delivered by intravenous injection, aero 
Solization, or orally. Release may also occur by application of 
a magnetic field, an electrical field, or use of ultrasound. 

In another aspect of the invention, the stent may also incor 
porate or deliver a hydrogel or other material Such as phos 
phorylcholine (PC) that acts to prevent adhesions of blood 
cells, blood proteins or blood molecules, extracellular matrix 
or other cell types. The hydrogel may deliver a therapeutic 
agent. 

Use of synthetic, natural (e.g., plant, microbial, viral or 
animal-derived) and recombinant agents having selected 
functions or chemical properties can be mixed with comple 
mentary Substances (e.g., anti-thrombotic and anti-restenosis 
Substances; nucleic acids and lipid complexes). Pharmaco 
logic agents may also incorporate use of vitamins or minerals. 
For instance, those that function directly or indirectly through 
interactions or mechanisms involving amino acids, nucleic 
acids (e.g., DNA, RNA), proteins or peptides (e.g., RGD 
peptides), carbohydrate moieties, polysaccharides, lipo 
Somes, or other cellular components or organelles for 
instance receptors and ligands. 

Genetic approaches to control restenosis include without 
limitation: use of antisense oligonucleotides to PDGFR-BB 
mRNA to control PDGF expression; use of antisense oligo 
nucleotides for nuclear antigens c-myb or c-myc oncogenes 
(Bauters et al., 1997, Trends CV Med); use of antisense 
phosphorothioate oligodeoxynucleotides against cdk 2 
kinase (cyclin dependent kinase) to control the cell cycle of 
vascular smooth muscle cells (Morishita et al., 1993, Hyper 
tension); use of VEGF gene (or VEGF itself) to stimulate 
reconstructive wound healing Such as endothelialization and 
decrease neointima growth (Asahara et al 1995); delivery of 
the nitric oxide synthetase gene (eNOS) to reduce vascular 
smooth muscle cell proliferation (Von Der Leyen et al., 1995, 
Proc Natl Acad Sci); use of adenovirus expressing plasmino 
gen activator inhibitor-1 (PAI-1) to reduce vascular 
SMOOTH MUSCLE CELL migration and thereby diminish 
restenosis (Carmeliet et al., 1997, Circulation); stimulation of 
apolipoprotein A-1 (ApoA1) over-expression to rebalance 
serum levels of LDL and HDL: use of apoptosis gene prod 
ucts to promote cell death (e.g., of Smooth muscle cells) and 
cytotactic gene products to that regulate cell division (tumor 
Suppressor protein p53 and Gax homeobox gene product to 
suppress ras; p21 over expression); and inhibition of NF-KB 
activation (e.g., p.65) to control Smooth muscle cell prolifera 
tion (Autieri et al., 1994, Biochem Biophy's Res Commun). 

In another advantageous feature, it will be appreciated that 
preferred embodiments of the present invention provide very 
efficient Surface coverage, which is particularly advantageous 
when the Stent is used with a therapeutic agent. More particu 
larly, the slide and lock mechanism is configured Such that 
virtually all the surface area of the locking elements is in 
contact with the inner wall of the body lumen. Accordingly, 
the preferred embodiments allow for greater surface coverage 
as compared with existing stent configurations. When com 
pared with other stent configurations, such as those utilizing 
deformable struts, the Surface coverage may be increased to 
as much as 25% to 70% without compromising stent perfor 
mance or flexibility. Because the stent shape of various pre 
ferred embodiments provides excellent Surface coverage, a 
larger amount of the therapeutic agent may be delivered to the 
Surrounding tissue. As a result, the agent may be used more 
effectively, thereby increasing the therapeutic effect. Alterna 
tively, the therapeutic agent may be used in a lower concen 
tration, thereby reducing local toxicity. 
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With reference now to FIG. 23, another row 800 of radial 

elements 800A-800D is illustrated that may be used alone or 
in combination with similar elements to provide an expand 
able stent structure. In many respects, the row 800 of radial 
elements 800A-800D is similar to the row described above 
with reference to FIG. 2. However, in this embodiment, the 
thin flexible body is formed with a solid wall 802 along a 
central portion of the row for providing enhanced Surface 
coverage in a desired region of a body lumen. More particu 
larly, the solid wall 802 is preferably fabricated from an 
impermeable material and is configured to provide Substan 
tially complete coverage along a portion of a body lumen. In 
preferred embodiments, the solid wall 802 extends along the 
longitudinal axis at least 2 millimeters. Accordingly, this 
embodiment is particularly well Suited for placement along a 
vascular anomaly, such as a vascular aneurysm, for Support 
ing or sealing off a particular region along a vessel. 

In the illustrated embodiment, each radial element 800A 
800D comprises a locking tab 812 that interacts with teeth 
along deflectable rails for providing a locking mechanism. 
Each radial element 800A-800D also includes a hold-down 
tab 850 sized to be releasably held within a recess for provid 
ing a hold down mechanism. Details regarding the operation 
of preferred locking and hold-down mechanisms are 
described above with respect to FIGS. 1 through 4B. How 
ever, it should be appreciated that a wide variety of locking 
mechanisms and hold-down mechanisms may be used and 
that the illustrated embodiment is merely for the purpose of 
description. Flexible coupling members 832A, 832B may be 
provided between individual elements to provide enhanced 
flexibility. In preferred embodiments, the row 800 of ele 
ments is fabricated from a shape memory material to provide 
crush-recoverability. During use, the row 800 is preferably 
slidably interconnected with other similar rows to provide a 
balloon expandable stent. However, in an alternative configu 
ration, the element 800 of FIG. 23 may be wrapped onto itself 
to provide an expandable stent. 

With reference now to FIG. 24, an alternative row 860 is 
illustrated which further comprises an opening 870 (e.g., a 
circular hole) formed in the wall portion 862. The opening is 
preferably provided for allowing fluid communication 
through the wall 862. Accordingly, this variation 860 is par 
ticularly well Suited for treating a lesion along a vessel bifur 
cation. The row 860 may be interconnected with one or more 
rows 800 of the type described above with respect to FIG. 23 
to provide an expandable stent having a solid central portion 
formed with an opening. When deployed, the stent may be 
advantageously used to ensure the patency of a main vessel 
while allowing blood to flow into or out of a branch vessel. In 
yet other variations, the wall may be permeable or a filter may 
be provided along the opening 870 for preventing emboli or 
other debris from passing through the opening. 

In yet another variation, stent embodiments configured in 
accordance with the present invention may also be useful in 
vessel grafts, wherein the stent is covered with a sheath 
formed at least in part from either a polymeric material. Such 
as expanded PTFE, or a natural material, such as fibrin. One 
variation of a graft in accordance with the present invention is 
illustrated in FIG. 25. The tubular graft comprises an expand 
able stent 10 of the type described above with reference to 
FIG. 1 and a polymeric sheath900. Because of the low profile, 
Small collapsed diameter and great flexibility, Stents made in 
accordance with this embodiment may be able to navigate 
Small or torturous paths. Thus, this variation may be useful in 
coronary arteries, carotid arteries, vascular aneurysms (when 
covered with a sheath), renal arteries, peripheral (iliac, femo 
ral, popliteal. Subclavian) arteries. Other nonvascular appli 
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cations include gastrointestinal, duodenum, biliary ducts, 
esophagus, urethra, tracheal and bronchial ducts. 

It will be appreciated that certain variations of the new and 
improved stents of the present invention and its methods of 
use and manufacture may suggest themselves to those skilled 
in the art. Accordingly, the foregoing detailed description is to 
be clearly understood as given by way of illustration, the spirit 
and scope of this invention being limited solely by the 
appended claims. 
What is claimed is: 
1. A balloon expandable crush-recoverable stent, compris 

1ng: 
at least two radial elements arranged to form a tubular 
member, the radial elements being slidably intercon 
nected for allowing the tubular member to expand from 
a collapsed diameter to an expanded diameter, at least 
one radial element comprising: 
a locking mechanism for maintaining the tubular mem 

ber in the expanded diameter after deployment, the 
locking mechanism comprising a plurality of teeth 
disposed on a first deflectable member that extends 
from a first end of the at least one radial element to a 
second end thereof, the locking mechanism further 
comprising a locking tab disposed at the first end of 
the at least one radial element; and 

a constraining mechanism integrated into the at least one 
radial element for maintaining the tubular member in 
the collapsed diameter until released by radial expan 
Sion, the constraining mechanism comprising at least 
one recess disposed on a first containment member 
that extends from the first end of the at least one radial 
element to the second end thereof, the constraining 
mechanism further comprising a hold-down tab dis 
posed at the second end of the at least one radial 
element; 

wherein the radial elements are fabricated from a shape 
memory material for providing crush-recoverability. 

2. The balloon expandable crush-recoverable stent of claim 
1, wherein the locking mechanism comprises a plurality of 
teeth disposed on a second deflectable member that extends 
from the first end of the at least one radial element to the 
second end thereof, the second deflectable member being 
disposed adjacent to the first deflectable member to form a 
gap therebetween, the gap being configured to receive the 
locking tab therein for allowing slidable movement in only 
one direction. 

3. The balloon expandable crush-recoverable stent of claim 
2, wherein the locking tab comprises a neck portion and a 
head portion that is wider than the neck portion, the neck 
portion of the at least one radial element extending through a 
gap formed between first and second deflectable members of 
a radial element. 

4. The balloon expandable crush-recoverable stent of claim 
1, wherein the teeth are deflectable for allowing the locking 
tab to pass over the teeth during expansion of the tubular 
member. 

5. The balloon expandable crush-recoverable stent of claim 
1, wherein the plurality of teeth allows the tubular member to 
be maintained at a selectable expanded diameter. 

6. The balloon expandable crush-recoverable stent of claim 
1, wherein the constraining mechanism further comprises at 
least one recess disposed on a second containment member 
that extends from the first end of the at least one radial element 
to the second end thereof, a hold-down tab of a first radial 
element configured to be releasably held within the recesses 
of the first and second containment members of the at least 
one radial element. 
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7. The balloon expandable crush-recoverable stent of claim 

6, wherein the first containment member of the constraining 
mechanism is disposed adjacent to the first deflectable mem 
ber of the locking mechanism to form a first gap therebe 
tween, and wherein the second containment member of the 
constraining mechanism is disposed adjacent to the second 
deflectable member of the locking mechanism to form a sec 
ond gap therebetween, the hold-down tab of the first radial 
element being positioned over the first and second deflectable 
members of the second radial element and disposed through 
the first and second gaps to be releasably held within the 
recesses of the first and second containment members of the 
second radial element. 

8. The balloon expandable crush-recoverable stent of claim 
1, wherein the tubular member is configured for delivering a 
therapeutic agent to a vessel wall at a treatment site. 

9. The balloon expandable crush-recoverable stent of claim 
8, wherein the therapeutic agent is an antiproliferative agent. 

10. The balloon expandable crush-recoverable stent of 
claim 1, further comprising a retractable sheath sized for 
enclosing the tubular member during delivery to a treatment 
site. 

11. The balloon expandable crush-recoverable stent of 
claim 1, wherein each radial element of the stent comprises a 
locking mechanism and a constraining mechanism. 

12. The balloon expandable crush-recoverable stent of 
claim 1, wherein all of the radial elements of the stent have a 
substantially identical structure. 

13. A balloon expandable stent, comprising: 
a substantially flat sheet fabricated from a shape-memory 

material, the flat sheet comprising at least one radial 
element being configured to be rolled into a cylindrical 
configuration for providing a tubular member, the tubu 
lar member being configured for expansion from a col 
lapsed diameter to an expanded diameter, the at least one 
radial element comprising: 
a locking mechanism provided along the at least one 

radial element for maintaining the tubular member in 
the expanded diameter, the locking mechanism com 
prising first and second deflectable members extend 
ing from a first end of the at least one radial element to 
a second end thereof, the locking mechanism further 
comprising a locking tab disposed at the first end of 
the at least one radial element, the first and second 
deflectable members forming a gap therebetween, the 
gap being configured to receive the locking tab 
therein; and 

a constraining mechanism integrated into the at least one 
radial element for maintaining the tubular member in 
the collapsed diameter until released by radial expan 
Sion, the constraining mechanism comprising first 
and second containment members extending from the 
first end of the at least one radial element to the second 
end thereof, the first containment member being dis 
posed adjacent to the first deflectable member of the 
locking mechanism to form a first gap therebetween, 
the second containment member being disposed adja 
cent to the second deflectable member of the locking 
mechanism to form a second gap therebetween, the 
constraining mechanism further comprising a hold 
down tab disposed at the second end of the at least one 
radial element, the hold-down tab being positionable 
over first and second deflectable members and posi 
tionable through first and second gaps to maintain the 
at least one radial element in a slidable relationship. 
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14. A stent delivery system, comprising: 
the balloon expandable stent of claim 13; and 
a catheter with an inflatable balloon disposed along a distal 

end portion, wherein the stent is provided along an outer 
surface of the inflatable balloon. 

15. A method for treating a vessel at a treatment site, 
comprising: 

positioning the stent delivery system of claim 14 at the 
treatment site; and 

inflating the inflatable balloon for causing the stent to 
expand from the collapsed diameter to the expanded 
diameter. 

16. The balloon expandable stent of claim 13, wherein the 
locking mechanism comprises a plurality of teeth along the 
first and second deflectable members that are configured for 
slidable engagement with the locking tab. 

17. The balloon expandable stent of claim 13, wherein the 
constraining mechanism comprises at least one recess formed 
along the first and second containment members, wherein the 
recesses of the first and second containment members are 
configured for capturing the hold-down tab. 

18. The balloon expandable stent of claim 13, wherein the 
stent comprises first and second radial elements, the hold 
down tab of a first radial element being disposed over the first 
and second deflectable members of a second radial element 
and disposed through the first and second gaps thereof to 
maintain the first and second radial elements in a slidable 
relationship. 

19. The balloon expandable stent of claim 13, wherein the 
constraining mechanism comprises at least one hook dis 
posed at the second end of the at least one radial element and 
at least one loop formed along a containment member at the 
second end of the at least one radial element. 

20. The balloon expandable stent of claim 19, wherein a 
hook of a first radial element engages a loop of a second radial 
element, the hook being released from the loop upon radial 
expansion of an inflatable balloon for permitting expansion of 
the tubular member. 

21. The balloon expandable stent of claim 20, wherein the 
loop is unbroken upon release of the hook therefrom. 

22. The balloon expandable stent of claim 19, wherein the 
hook extends from the hold-downtab at the second end of the 
at least one radial element. 

23. The balloon expandable stent of claim 13, wherein the 
constraining mechanism comprises at least one deflectable 
wing. 

24. The balloon expandable stent of claim 23, wherein a 
deflectable wing of a first radial element is received within a 
gap formed between first and second deflectable members of 
a second radial element, the deflectable wing defining a pass 
ing profile that is larger than the gap, the deflectable wing 
being configured such that the wing can be disposed through 
the gap in an unexpanded State and provide initial resistance 
to radial expansion until flexing upon radial expansion of an 
inflatable balloon such that the deflectable wing is released 
from the gap for permitting expansion of the tubular member. 

25. The balloon expandable stent of claim 13, wherein the 
locking tab of the locking mechanism comprises a neck por 
tion and a head portion that is wider than the neck portion, a 
neck portion of a first element extending through a gap 
formed between first and second deflectable members of a 
second element. 

26. The balloon expandable stent of claim 13, wherein the 
constraining mechanism comprises at least one deflectable 
arm disposed at the second end of the at least one radial 
element and at least one lock formed along a containment 
member of the at least one radial element, the arm extending 

5 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

34 
from the at least one radial element such that the arm of the at 
least one radial element contacts a flexible lock of another 
radial element to provide initial resistance to radial expan 
sion, the arm being deflectable relative to the lock to disen 
gage with the lock upon forcible radial expansion. 

27. The balloon expandable stent of claim 26, wherein the 
lock comprises a raised protrusion. 

28. The balloon expandable stent of claim 13, wherein the 
constraining mechanism comprises an adhesive. 

29. The balloon expandable stent of claim 13, wherein the 
first and second deflectable members are disposed between 
the first and second containment members. 

30. A balloon expandable crush-recoverable stent, com 
prising: 

a tubular member comprising a series of pivotally con 
nected links fabricated from a shape-memory material, 
each link comprising a first end and a second end, each 
link comprising one or more ridges along the Surface 
thereof, the ridges of a given link being configured to 
contact ridges of an adjacent pivotally connected link to 
limit the pivoting of the given link and the adjacent link 
relative to each other in a collapsed direction, the pivot 
ally connected links being configured for allowing the 
tubular member to be adjusted from a collapsed diam 
eter to an expanded diameter, at least one link compris 
1ng: 
a locking mechanism formed between the first and Sec 
ond ends of the at least one link, the locking mecha 
nism configured for maintaining the tubular member 
in the expanded diameter; and 

a constraining mechanism integrated into the tubular 
member and formed between the first and second ends 
of the at least one link, the constraining mechanism 
configured for maintaining the tubular member in the 
collapsed diameter until released by radial expansion 
of the balloon; and 

a flexible mechanism for connecting multiple links 
together to form a stent having a desired axial length. 

31. The balloon expandable crush-recoverable stent of 
claim 30, wherein the tubular member is configured for deliv 
ering a therapeutic agent to a vessel wall at a treatment site. 

32. The balloon expandable crush-recoverable stent of 
claim 30, wherein each link of the tubular member comprises 
a locking mechanism and a constraining mechanism. 

33. The balloon expandable crush-recoverable stent of 
claim 30, wherein all of the links of the tubular member have 
a Substantially identical structure. 

34. An expandable stent, comprising: 
a tubular member comprising a series of slidably intercon 

nected elements fabricated from a biocompatible mate 
rial, the tubular member being configured for expansion 
from a collapsed diameter to an expanded diameter, at 
least one element comprising: 
a locking mechanism for maintaining the tubular mem 

ber in the expanded diameter, the locking mechanism 
comprising a plurality of teeth disposed on a deflect 
able member that extends from a first end of the at 
least one element to a second end thereof, the locking 
mechanism further comprising a locking tab disposed 
at the first end of the at least one element; and 

a constraining mechanism for maintaining the tubular 
member in the collapsed diameter until released by 
radial expansion, the constraining mechanism com 
prising at least one lock formed along a containment 
member that extends from the first end of the at least 
one element to the second end thereof, the constrain 
ing mechanism further comprising at least one arm 
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disposed at the second end of the at least one element, 
the arm extending from the at least one element Such 
that the arm of the at least one element contacts a lock 
of an element to provide initial resistance to radial 
expansion, the arm being deflectable relative to the 
lock to disengage with the lock upon forcible radial 
expansion. 

35. The expandable stent of claim 34, wherein the biocom 
patible material includes a therapeutic agent for delivery to a 
vessel wall. 

36. The expandable stent of claim 34, wherein each ele 
ment of the tubular member comprises a locking mechanism 
and a constraining mechanism. 

37. The expandable stent of claim 34, wherein all of the 
elements of the tubular member have a substantially identical 
Structure. 

38. An expandable stent, comprising: 
first and second expandable modules, each expandable 
module comprising at least one radial element, each 
expandable module forming a Substantially tubular 
member and being adjustable from a collapsed condition 
to an expanded condition, at least one radial element 
comprising: 
a locking mechanism for maintaining the tubular mem 

ber in the expanded diameter after deployment, the 
locking mechanism comprising a plurality of teeth 
disposed on a first deflectable member that extends 
from a first end of the at least one radial element to a 
second end thereof, the locking mechanism further 
comprising a locking tab disposed at the first end of 
the at least one radial element; and 

a constraining mechanism for maintaining the stent in 
the collapsed condition during delivery to a treatment 
site, the constraining mechanism comprising at least 
one recess disposed on a first containment member 
that extends from the first end of the at least one radial 
element to the second end thereof, the constraining 
mechanism further comprising a hold-down tab dis 
posed at the second end of the at least one radial 
element; and 

a flexible coupling portion for coupling the first and second 
expandable modules together; 

wherein each of the expandable modules is substantially 
independently expandable. 

39. The expandable stent of claim 38, wherein at least one 
of the expandable modules is fabricated from a shape memory 
material. 

40. The expandable stent of claim 38, wherein at least one 
of the expandable modules comprises a plurality of radial 
elements slidably interconnected for allowing the stent to 
expand from the collapsed condition to the expanded condi 
tion. 

41. The expandable stent of claim 40, wherein the locking 
mechanism of the at least one radial element further com 
prises a second deflectable member, the first and second 
deflectable members defining a gap therebetween for slidably 
interconnecting with a locking tab of the at least one radial 
element. 

42. The expandable stent of claim 41, wherein each of the 
first and second deflectable members comprises a plurality of 
angled teeth, and wherein the locking tab of the at least one 
radial element is held within the teeth of the at least one radial 
element for providing the locking mechanism. 

43. The expandable stent of claim 40, wherein the con 
straining mechanism further comprises a second containment 
member, the first containment member of the constraining 
mechanism being disposed adjacent to the first deflectable 
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member of the locking mechanism to form a first gap ther 
ebetween, the second containment member of the constrain 
ing mechanism being disposed adjacent to the second deflect 
able member of the locking mechanism to form a second gap 
therebetween, a hold-down tab of a radial element being 
positioned over the first and second deflectable members of 
the at least one radial element and disposed through the first 
and second gaps of the at least one radial element for provid 
ing the constraining mechanism. 

44. The expandable stent of claim 43, wherein the first and 
second containment members comprise at least one recess 
configured to releasably receive the hold-down tab, the hold 
down tab being deformable such that the hold-down tab is 
releasable from within the recesses of the first and second 
containment members of the at least one radial element under 
a Sufficient radial force during deployment. 

45. The expandable stent of claim 43, wherein the first and 
second containment members are deformable such that the 
hold-down tab is releasable under a sufficient radial force 
during deployment. 

46. The expandable stent of claim 38, wherein each radial 
element of the first and second expandable modules com 
prises a locking mechanism and a constraining mechanism. 

47. The expandable stent of claim 38, wherein all of the 
radial elements of the first and second expandable modules 
have a Substantially identical structure. 

48. An expandable stent for Supporting a blood vessel, 
comprising: 

a tubular member fabricated from a biocompatible mate 
rial, the tubular member comprising at least one radial 
element and having a first end portion and a second end 
portion, the tubular member being configured for expan 
sion from a collapsed diameter to an expanded diameter, 
the tubular member having a central region disposed 
between the first end portion and the second end portion, 
the at least one radial element comprising: 
a locking mechanism for maintaining the tubular mem 

ber in the expanded diameter after deployment, the 
locking mechanism comprising a plurality of teeth 
disposed on a first deflectable member that extends 
from a first end of the at least one radial element to a 
second end thereof, the locking mechanism further 
comprising a locking tab disposed at the first end of 
the at least one radial element; and 

a constraining mechanism for maintaining the tubular 
member in the collapsed diameter until released by 
radial expansion, the constraining mechanism com 
prising at least one recess disposed on a first contain 
ment member that extends from the first end of the at 
least one radial element to the second end thereof, the 
constraining mechanism further comprising a hold 
down tab disposed at the second end of the at least one 
radial element; and 

wherein at least a portion of the central region of the tubular 
member is formed with a substantially impermeable 
wall. 

49. The expandable stent of claim 48, wherein the imper 
meable wall extends at least 2 mm along the length of the 
Stent. 

50. The expandable stent of claim 48, further comprising 
an opening formed through the impermeable wall for allow 
ing blood to pass into a branch vessel. 

51. A balloon expandable crush-recoverable stent, com 
prising: 

a first row of radial elements extending along the longitu 
dinal axis of the stent; 
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a second row of radial elements extending along the lon 
gitudinal axis of the stent; 

wherein a radial element of the first row and a correspond 
ing radial element of second row each comprises: 
a locking mechanism comprising a plurality of teeth 5 

disposed on a first deflectable member that extends 
from a first end of the radial element to a second end 
thereof, the locking mechanism further comprising a 
locking tab disposed at the first end of the radial 
element; and 10 

a constraining mechanism comprising at least one loop 
formed along a first containment member that extends 
from the first end of the radial element to a second end 
thereof, the constraining mechanism further compris 
ing at least one hook disposed at the second end of the 15 
radial element; 

wherein the locking tab of the radial element of the 
second row is operative to engage the teeth of the 
radial element of the first row; and 

wherein the radial elements in the first row slidably inter- 20 
connect with the radial elements in the second row for 
providing a series of expandable modules, the constrain 
ing mechanism maintaining at least one expandable 
module in a collapsed diameter until released by radial 
expansion of an inflatable balloon, wherein each of the 25 
modules is expandable to a different diameter. 

52. The balloon expandable crush-recoverable stent of 
claim 51, wherein the constraining mechanism comprises a 
hook and a loop, wherein a hook of the radial element of the 
first row can be releasably held within a loop of the radial 30 
element of the second row for maintaining the collapsed 
diameter. 

53. The balloon expandable crush-recoverable stent of 
claim 51, wherein at least some of the radial elements in each 
of the first and second rows are coupled by flexible coupling 35 
members. 

54. The balloon expandable crush-recoverable stent of 
claim 51, wherein the radial elements in each of the first and 
second rows are coupled together in a staggered arrangement. 

55. The balloon expandable crush-recoverable stent of 40 
claim 51, wherein each radial element of the stent comprises 
a locking mechanism and a constraining mechanism. 

56. The balloon expandable crush-recoverable stent of 
claim 51, wherein all of the radial elements of the stent have 
a Substantially identical structure. 45 

57. A balloon expandable crush-recoverable stent, com 
prising: 

a first row of radial elements extending along the longitu 
dinal axis of the stent; 

a second row of radial elements extending along the lon- 50 
gitudinal axis of the stent; 

wherein at least one radial element comprises: 
a locking mechanism comprising a plurality of teeth 

disposed on a first deflectable member that extends 
from a first end of the at least one radial element a 55 
second end thereof, the locking mechanism further 
comprising a locking tab disposed at the first end of 
the at least one radial element, the locking tab of the at 
least one radial element being operative to engage the 
teeth of another radial element; and 60 

a constraining element comprising a gap formed by at 
least one deflectable member at a second end of the at 
least one radial element, the constraining mechanism 
further comprising a flexible wing disposed at the 
second end of the at least one radial element, the 65 
flexible wing defining a passing profile that is larger 
than the gap, the wing being configured such that the 
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wing can be disposed through a gap of another radial 
element with the Stent being in an unexpanded State 
and provide initial resistance to radial expansion of 
the stent until deflecting and exiting the gap: 

wherein the first and second rows of radial elements format 
least a portion of a tubular member, the first and second 
rows of radial elements being slidably interconnected 
along a plurality of points for allowing the tubular mem 
berto expand from a collapsed condition to an expanded 
condition, the constraining mechanism maintaining the 
tubular member in the collapsed condition until released 
by radial expansion of an inflatable balloon. 

58. The balloon expandable crush-recoverable stent of 
claim 57, wherein each radial element of the stent comprises 
a locking mechanism and a constraining element. 

59. The balloon expandable crush-recoverable stent of 
claim 57, wherein all of the radial elements of the stent have 
a Substantially identical structure. 

60. A balloon expandable crush-recoverable stent, com 
prising: 

first and second expandable modules, each module com 
prising a series of slidably interconnected elements fab 
ricated from a shape-memory material, each element 
comprising a pair of containment members extending 
generally parallel to at least one deflectable member that 
is spaced between the containment members, the con 
tainment members and the deflectable member extend 
ing from a first end of the element to a second end 
thereof, the containment members being spaced from 
the at least one deflectable member to define first and 
second gaps therebetween, the interconnected elements 
being configured for allowing the module to be adjusted 
from a collapsed diameter to an expanded diameter, each 
element further comprising: 
a locking mechanism being configured such that the 

interconnected elements are slidable in only one 
direction for maintaining the expandable module in 
the expanded diameter, and 

a constraining mechanism comprising a hold-down tab 
extending from the second end of each radial element, 
a hold-down tab of a first radial element being dis 
posed over at least one deflectable member and dis 
posed through first and second gaps of a second radial 
element to maintain the first and second radial ele 
ments in a slidable relationship, the constraining 
mechanism being configured to maintain the expand 
able module in the collapsed diameter until released 
by radial expansion of an inflatable balloon during 
deployment at a treatment site. 

61. The balloon expandable crush-recoverable stent of 
claim 60, wherein each element comprises a pair deflectable 
members extending between the pair of containment mem 
bers. 

62. The balloon expandable stent of claim 60, wherein all 
of the elements of the modules have a substantially identical 
Structure. 

63. A balloon expandable stent, comprising: 
at least two substantially flat elements configured to be 

rolled into a cylindrical configuration to provide a tubu 
lar member, each of the flat elements forming a portion 
of a circumference of the tubular member, the elements 
being slidably interconnected for allowing the tubular 
member to expand from a collapsed diameter to an 
expanded diameter without any Substantial plastic 
deformation of the elements, at least one element com 
prising: 
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a locking mechanism comprising a plurality of teeth an expandable sheath disposed over the tubular member, 
disposed on a first deflectable member that extends the expandable sheath being configured to expand dur 
from a first end of the at least one element to a second ing deployment of the stent at the treatment site. 
end thereof, the locking mechanism further compris- 64. The balloon expandable stent of claim 63, wherein the 

5 elements are fabricated from a shape-memory material for 
providing the tubular member with crush-recoverability. 

65. The balloon expandable stent of claim 64, wherein the 
ing a locking tab disposed at the first end of the at least 
one element; and 

a constraining mechanism for maintaining the tubular expandable sheath is configured for use as a vessel graft at a 
member in the collapsed diameter until released by treatment site. 
radial expansion, the constraining mechanism com- 10 66. The balloon expandable stent of claim 63, wherein each 
prising at least one loop formed along a first contain- element of the tubular member comprises a locking mecha 
ment member that extends from the first end of the at nism and a constraining mechanism. 
least one element to the second end thereof, the con- 67. The balloon expandable stent of claim 63, wherein all 

of the elements of the tubular member have a substantially straining mechanism further comprising at least one 15 identical structure. hook disposed at the second end of the at least one 
element; and k . . . . 
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