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structures in the proximal end portion extending less than circumferentially around the longitudinal axis of the expandable member.
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UNITED STATES PATENT APPLICATION
FOR
VASCULAR AND BODILY DUCT TREATMENT DEVICES AND METHODS
Inventors: Ryan M. Grandfield; Scott D. Wilson; Elliot H. Sanders

RELATED APPLICATION

[0001] This application claims the benefit to and is a continuation-in-part of US Patent Application
Serial No. 13/303,890, filed November 23, 2011, which is a continnation-in-part of US Patent
Application Serial No. 13/021,364, filed February 4, 2011, which is 2 continuation-in-part of US
Patent Application Sertal No. 12/832,&57, filed July &, 2010, which is a a contimuation-in-part of US
Patent Application Serial No. 12/643,942, filed December 21, 2009, which is a continuation-in-part
of 1S Patent Application Serial No. 12/5873,676, filed October 5, 2009, which is a continuation-n-

part of US Patent Application Serial No. 12/499,713, filed July &, 2009,

TECHMNICAL FIELD

[0002] This application relates to devices and methods for treating the vascnlature and other ducts

within the body.

BACKGROURND

160037 Seif-expanding prostheses, such as stents, covered stents, vascular grafts, flow diverters, and
the like have been developed to treat ducts within the body., Many of the prostheses have been
developed to treat blockages within the vasculature and also ancurysms that occur in the brain
What arc needed are improved treatment methods and devices for treating the vasculature and other

body ducts, such as, for example, ancurysms, stenoses, embolic obstructions, and the like.

SUMMARY OF THE BDISCLOSURE

[0004] In accordance with one implementation a vascular or bodily duct treatment device is
provided that comprises an clongate self-expandable member movable from a first delivery position
to a second placement position, in the first delivery position the expandable member being in an
unexpanded position and having a nominal first diameter and 1o the second position the expandable
member being m a radially expanded position and having a second nominal diameter greater than the
first nominal diameter for deployrmaent within the bodily duet or vasculature of a patient, the

expandable member comprising a plarality of cell structures, the expandable member having a
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proximal end portion with a proximal end, a cylindrical main body portion and a distal end portion
with a distal end, the cell structures in the main body portion extending circumferentially around s
iongitudinal axis of the cxpandable member, the cell structures in the proximal and distal end
portions extending less than cucurnferentially around the longitndinal axis of the expandable
member, the outer-most cell structares in the proximal end portion baving proximal-most linear wall
segments that, in a two~dimensional view, form first and second substantially linear rail segments
that cach extend from a posifion at or near the proximal-most end of the expandable member to a
distal position at or near the cvhindrnical mamm body portion. In one implementation the self-
expandable member has a longitudinal shit extending along at least a portion of the length of the self-

expandable member between the proximal end and the distal end.

(00051 In accordance with another implementation a kit is provided that comprises an clongate
flexible wire having a proximal end and a distal end with an elongate self-cxpandable member
coupled to the distal end, the self-expandable member movable from a first delivery position to a
second placement position, in the first delivery position the expandable member being in an
unexpanded position and having a nominal first diameter and in the second position the expandable
member being in a radially expanded position and having a second nominal diameter greater than the
first nominal diameter for deployment in the bodily duct or vasculature of a patient, the self-
expandable member comprising a plurality of cell structures, the self-expandable member having a
proximal end portion with a proximal end, a cylindrical main body portion and a distal end portion
with a distal end, the cell structures in the main body portion extending circumferentially around a
longitadinal axis of the cxpandable member, the cell structures in the proximal and distal end
portions extending less than circumferentially around the longitudinal axis of the expandable
member, the outer-most cell structures in the proximal end portion having proximal-most lincar wall
segments that, in a two-dimensional view, form first and second substantially linecar rail segments
that cach ecxtend from a position at or near the proximal-most end of the expandable member to a
distal position at or ncar the cylindrical main body portion, the clongate wire with the expandable
member having a first length; and a delivery catheter having a second length and sufficient
flexibility to navigate the vasculature or bodily duct of the patient, the delivery catheter having a
proximal end, a distal end and an mner lumen, the mner lumen having a diameter sufficient to
receive the self-expandable member in s imexpanded position and for advancing the unexpanded
member from the proximal end to the distal end of the catheter, the second length being less than the

first length to allow distal advancement of the self-expandable member beyond the distal end of the
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catheter to permit the expandable member to deploy toward its expanded position, the distal ond of
the catheter and the self-cxpandable member configured to permit proximal retraction of the sclif-
expandable member into the humen of the catheter when the seif-expandable member is partially or
fully deployed outside the distal end of the catheter. In one implementation, the self-expandable
member has a longitudinal slit extending along at least a portion of the length of the self-expandable

member between the proximal end and the distal end.

[0006] In accordance with one implementation, a bodily doct or vascular treatment device is
provided having an elongate self~expandable member movable from a fivst delivery position to a
second placement posttion, n the first delivery position the expandable member being in an
unexpanded position and having a nominal first diameter and in the second position the expandable
member being in a radially expanded position and having a second nominal diameter greater than the
first nominal diameter for deployment within the bodily duct or vasculature of a patient, the
expandable member comprising a plurality of generally longitudinal ondulating elements with
adjacent unduolating elements being interconnected in a manner to form a phirality of diagonally
disposed cell structures, the expandable member having a proximal end portion, a cylindrical main
body portion and a distal end portion, the cell structures in the main body portion extending
circumferentially around a longitudinal axis of the expandabic member, the cell structires in the
proximal and distal end portions extending less than circumferentially around the longitudinal axis
of the expandable member, the outer-most cell structures in the proximal end portion having
proximal-most lincar wall scgments that, in a two-dimensional view, form first and sccond
substantially lincar rail segments that cach extend from a position at or near the proximal-most end
of the expandable member to a position at or ncar the cylindrical mam body portion. In one
implementation, connected to the proximal-most end of the cxpandable member s a proximally
extending clongate flexible wire having a length and flexibility sufficient for navigating and

accessing the vasculature or bodily duct of the patient.

[0007] In accordance with another implementation, a vascular tfreatment device is provided that
mcludes an clongate seif-cxpandable member movable from a first delivery position to a second
placement position, in the first delivery position the expandable member bemg 1o an unexpanded
position and having a nominal fitst diameter and in the second position the expandable nember
being 1n a radially expanded position and having a second nominal diameter greater than the first

nominal diameter for deployment within the vasculatore of a patient, the expandable member

j
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comprising a plurality of generally longitudinal undulating clements with adjacent undulating
clements being interconnected in a manner to form a phurality of cell structures that are arranged to
mduce twisting of the cxpandable member as the cxpandable member transitions from the
unexpanded position to the expanded position, the expandable member having a proximal end
portion, a cyhindrical muain body portion and a distal end portion, the cell structures in the main body
portion extending circurnferentially around a longitudinal axis of the expandable member, the cell
structures in the proximal and distal end portions extending less than crcurnferentially avound the
iongitudinal axis of the expandable member, the outer-most cell structures i the proximal end
portion having proximal-most linear wall segments that form first and second substantially linear rail
seginents that each extend from a position at or near the proximal-most end of the expandable
member to a position at or near the cylindrical main body portion. In one implementation, connected
to the proximal-most end of the expandable member is a proximally extending elongate flexible wire
having a length and flexibility sufficient for navigating and accessing the vascenlature or bodily duct

of the patient.

(00081 In accordance with another implementation, a bodily dact or vasenlar treatment device is
provided that includes an elongate self-expandable member movable from a first delivery position to
a second placement position, in the first delivery position the expandable member being in an
uncxpanded position and having a nominal first diameter and in the second position the expandable
member being in a radially expanded position and having a second nominal diameter greater than the
first nominal diameter for deployment within the bodily duct or vasculature of a patient, the
expandable member comprising a plurality of gencrally longitudinal undulating clements with
adjacent undulating clements being interconnected to form a plurality of diagonally disposed cell
structures, the cxpandable member having a cyhindrical portion and a distal end portion, the cell
structures in the cylindrical portion extending circumferentially around 2 longitudinal axis of the
expandable member, the cell structures in the distal end portion extending less than circumferentially
around the longitudinal axis of the expandable member, the proximal-most cell structures in the
main body portion having proximal-most end points. Onc or more of the proximal-most end points
of the expandable member have a proximally extending clongate flexible wire having a length and

fexibility sufficient for navigating and accessing the vasculature or bodily duct of the patient.

[0009] In accordance with another wmplementation, a kit is provided that includes an clongate

flexible wire having a proximal end and a distal end with an elongate self-expandable member
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attached to the distal end, the self-expandable member movable from a first delivery posttion to a
second placement position, in the first delivery position the expandable member being in an
unexpanded position and having a nominal first diameter and in the second position the cxpandable
member being in a radially expanded position and having a second nominal diameter greater than the
first nominal diameter for deployment within a bodily duct or vascolature of a patient, the
expandable member comprising a plurality of generally longitudinal undulating elements with
adjacent undulating elements being nterconnected 1o a manner to form a plurality of diagonally
disposed cell structures, the expandable member having a proximal end portion, a cylindrical main
body portion and a distal end portion, the cell structures i the main body portion extending
circurnferentially around a longitudinal axis of the expandable member, the cell structures in the
proximal and distal end portions extending less than circuamferentially around the longitudinal axis
of the expandable member, the outer-most cell structures in the proximal end portion having
proximal-most lincar wall segments that, in a two-dimensional view, form first and second
substantially linear rail segmeuts that each extend from a position at or near the proximal-most end
of the expandable member to a position at or near the cyhindrical main body portion, the clongate
wire and expandable member having a first fength, and a delivery catheter having a sccond length
and sufficient flexibility to navigate the vasculatore or bodily duct of a patient, the delivery catheter
having a proximal end, a distal end and an inner diameter, the inner diameter sufficient to receive the
expandablec member i its unexpanded position and for advancing the vnexpanded member from the
proximal end to the distal end of the catheter, the second length being less that the first fength to
allow distal advancement of the expandable member bevond the distal end of the catheter to permit
the expandable member to deploy toward its expanded position, the distal end of the catheter and the
expandable member configured to permit proximal retraction of the expandable member into the
catheter when the expandable member is partially or fully deployed outside the distal end of the

catheter.

100107 In accordance with another implementation, a method for removing an cmbolic obstruction
from a vesscl of a patient is provided that includes (a) advancing a delivery catheter having an inner
lumen with proximal end and a distal end to the site of an embolic obstruction in the intracranial
vasculatore of a patient so that the distal end of the nner humen is positioned distal to the embolic
obstruction, the inner humen having a fivst length, (b) miroducing an erobolic obstroction retrieval
device comprising an clongate flexible wire having a proximal end and a distal end with an elongate

self-expandable mewmber attached to the distal end into the proximal end of the inner umen of the
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catheter and advancing the scif-expandable member to the distal end of the lumen, the self-
expandable member movable from a first delivery position to a second placement position, n the
first delivery position the cxpandable member being in an uncxpanded position and having a
nominal first diameter and 1o the second position the expandable member being i a radially
expanded position and having a second nominal diameter greater than the first nominal diameter for
deployment within an embolic obstruction of a patient, the expandable mermber comprising a
phorality of generally longitudinal undulating elements with adjacent undulating elements being
miterconnected n a manner to form a phurality of cell structures, the expandable member having a
proximal end portion, a cylindrical main body portion and a distal end portion, the cell stroctures in
the main body portion extending circumferentially around a longitudinal axis of the expandable
member, the cell structures in the proximal and distal end portions extending less than
circumferentially around the longitudinal axis of the expandable member, the outer cell structures in
the proximal end portion having proximal lincar wall segments that, in a two-dimensional view,
form first and second substantially hinear rail segments that cach extend from a position at or near
the proximal end of the expandable member to a position at or near the cvlindrical main body
portion, the elongate wire and expandable member in combination having a second length longer
than the first length, (¢) proximally retracting the delivery catheter sufficient to deploy the self-
expandable device so that the one or more of the cell structures entrap at least a portion of the
embolic obstruction, and {(d} proximally retracting the delivery catheter and self-expandable device
to cutside the patient. In an alternative implementation, the self-expandable member is partially or
fully retracted imto the inner lumen of the delivery catheter prior to proximally retracting the delivery

catheter and self-expandable device to cutside the patient,

(00117 In accordance with another implementation, a device is provided comprising an elongate scif-
expandable member movable from a first delivery position to a second placement position, n the
first delivery position the cxpandable member being in an uncxpanded position and having a
nominal first diamcter and in the sccond position the expandable member being in a radially
expanded position and having a second nominal diameter greater than the first nominal diameter for
deployment within a vessel or duct of a patient, the expandable member comprising a plurality of
cell structures, the expandable member having a proximal end portion with a proximal end and a
cylindrical main body portion, the cell structures 1n the main body portion comprise a first plurality
of mtersecting strufs and extend cweumferentially around a longitudinal axis of the expandable

member, the cell structures in the proximal end portion comprise a second plurality of infersecting
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struts and extend less than circumferentially around the longitudinal axis of the expandable member,
at least some of the first plurality of intersecting struts having a thickncess to width ratio of greater

than one.

[0012] In accordance with yet another implementation, a device s provided comprising a delivery
wire, an clongate self~expandable member movable from a first delivery position o a second
placement position, in the first delivery position the expandable member bemg 1o an unexpanded
position and having a nominal fitst diameter and in the second position the expandable nember
being 1n a radially expanded position and having a second nominal diameter greater than the first
nominal diamoeter for deployment within a vessel or duct of a patient, the expandable moember
comprising a plurality of cell structures, the expandable member having a proximal end portion with
a proximal end and a cyvlindrical main body portion, the proximal end having an integrally formed
wire segment extending therefrom with a coil positioned about the wire segment, the coil comprising
a first closely wound segment and a second loosely wound segment that contains at least one gap,
the cell structures in the main body portion extending circumferentially around a longitadinal axis of
the expandable member, the cell structures in the proximal end portion extending less than
circumferentially around the longitudinal axis of the expandable member, a proximal end of the wire
scgment attached to a distal end of the delivery wire by a bonding agent within the second looscly

wound segment of the coil.

[6013] In accordance with yet another implementation, a device 1s provided comprising an ¢longate
scif-expandable member movable from a first delivery position to a sccond placement position, in
the first delivery position the cxpandable member being in an vnexpanded position and having s
nominal first diameter and in the sccond position the cxpandable member being in a radially
expanded position and having a sccond nominal diameter greater than the first nominal diameter for
deployment within a vessel or duct of a patient, the expandable member comprising a plurality of
cell structures, the expandable member having a proximal end portion with a proximal end and a
cylindrical main body portion, the cell structures in the main body portion extending
circumnferentially around a longitudinal axis of the expandabic member, the cell structures in the
proximal end portion extending less than circumferentially around the longitudinal axis of the
expandable member, the cell siructures having dumensional and material characteristics that result in
about a -1.5N to a about a -3.5N overall reduction in radial force along the length of the expandable

member per millimeter of expansion during about an nitial 0.50mm diametric range of expansion
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from the nominal diameter and that results in about a -0.10N to about a -0.50N overall reduction in
radial force along the length of the cxpandable member per millimeter of cxpansion during
subscequent diametric ranges of expansion. In onc unplementation the elongate self-cxpandable
member has a desigoated maximum second nominal diameter, the radial force exerted by the
elongate self-expandable member being greater than zero when expanded to the maximmum second

nominal diameter,

[0014] In accordance with yet another implementation, a device 15 provided comprising an elongate
self-expandable member movable from a first delivery position to a second placement position,
the first delivery position the expandable member being in an snexpanded position and having a
nominal first diameter and in the sccond position the expandable member being in a radially
expanded position and having a second nomunal diameter greater thau the first nominal diameter for
deployment within the bodily duct or vasculature of a patient, the expandable member comprising a
plurality of generally longitudinal undnlating clements with adjacent andulating elements being
mterconnected in a manner to form a phurality of diagonally disposed cell structures, the expandable
member having a proximal end portion, a cylindrical main body portion and a distal end portion, the
cell structares in the main body portion extending circumferentially around a longitudinal axis of the
expandable member, the cell structures in the proximal and distal end portions cxtending less than
circumferentially around the longitudinal axis of the expandable member, the cell structures in the
proximal end portion cxtending less than circumferentially around the longitudinal axis of the
expandable member, the cell structures having dimensional and material characteristics that result in
about a -1.5N to a about a -3.5N overall reduction in radial force along the length of the expandable
member per millimeter of expansion during about an nitial 0.50mm diametric range of expansion
trom the first nominal diameter and that results in about a -0. 10N to about a -0.50N overall reduction
m radial force along the length of the expandable member per millimeter of expansion during
subscequent diametric ranges of expansion. In onc unplementation the elongate self-cxpandable
member has a designated maximum sccond nominal diamcter, the radial force exerted by the
clongate self-cxpandable member being greater than zero when expanded to the maximum sccond

nominal diameter,

[0015] In another implementation a clot refrieval device 1s provided comprising: an elongate self-
expandable member movable from a first delivery position to a second placement position, in the

first delivery posifion the expandable member being i an onexpanded position and having a

v o)
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nominal first diameter and in the sccond position the cxpandable member being in a radially
expanded position and having a sccond nominal diameter greater than the first nominal diameter for
deployment within an cmbolic obstruction of a patient, the cxpandable member comprising a
plurality of generally longitudinal undulating clements with adjacent undulating clements being
interconnected in a manner to form a plurality of diagonally disposed cell structures, the expandable
member having a proximal end portion and a cylindrical main body portion, the cell structures in the
main body portion extending circumferentially around a longitudinal axis of the expandable
member, the cell structures in the proximal end portion extending less than circumferentially around
the longitudinal axis of the expandable member to form first and second peripheral rails having
proximal and distal end segments, the cell structures 1o the proximal end portion comprising a first
set of cell structures arranged to form the first peripheral rail, a second set of cell structures arranged
to form the second peripheral rail and a third set of cell structures located between the first and
second set of cell structures, the first and second set of cell structnres having in common a proximal-
most cell structure, the cell structures in the main body portion comprising a fourth set of cell
structures, the proximal-most cell structare and the first set of cell structures having circumferential
outer-most strut members that define the first peripheral rail, the proximal-most cell structure and the
second set of cell structuyres having circumferential outer-most strut members that define the second
peripheral rail, at least some of the circumferential outer-most strut members having different width
dimensions and arranged so that the first and second peripheral rails vary between a first width
dimension at the proximal end segment to second width dimension at the distal end segment, the
second width dimension less than the first width dimension. In one implementation the first and
sccond peripheral rails are devoid of undulations and the percentage change between the first width

dimension and second width dimension s between about 20.0% and about 50.0%.

[0016] In another implementations a clot retrieval devices is provided comprising: an clongate self-
expandable member movable from a first delivery position to a sccond placement position, in the

3
1
¥

first delivery position the cxpandable member being in an unexpanded position and having a
nominal first diameter and in the sccond position the cxpandable member being in a radially
expanded position and having a sccond nominal diameter greater than the first nominal diameter for
deploymwent within an embolic obstruction of a patient, the expandable member comprising a
plurality of generally longitudinal undulating clements with adjacent undulating clements being
interconnected in a manner to form a plurality of diagonally disposed cell structures, the expandable

member having a proximal end portion and a cylindrical main body portion, the cell structures in the

9
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main body portion extending circumferentially around a longitudinal axis of the cxpandable
member, the cell structures in the proximal end portion extending less than circumferentially around
the longitudinal axis of the expandable member to form first and second peripheral rails having
proximal and distal end segments, the cell structures 1o the proximal end portion comprising a first
set of cell structores arranged to form the first peripheral rail, a second set of cell structures arranged
to form the second peripheral rail and a third set of cell structures located between the first and
second set of cell stractures, the first and second set of cell structures having in cormmmon a proximal-
most cell structore, the cell structures in the main body portion comprising a fourth set of cell
structures, the proximal~-most cell structore and the first set of cell structures having circumferential
outer-most strut members that define the first peripheral rail, the proximal-most cell structure and the
second set of cell structuyres having circumferential outer-most strut members that define the second
peripheral rail, at least some of the circumferential outer-most strut members having different width
dimensions and arranged so that the first and second peripheral rails vary between a first width
dimension at the proximal end segment to second width dimension at the distal end segment, the
second width dimension less than the first width dimension, the percentage change between the first
width dimension and second width dirnenston is between about 20.0% and about 30.0%, the third set
of cell structares comprising strufs having a third width dimensions less than the second width
dimension, the fourth set of cell structures comprising struts having a fourth width dimensions less
than the second width dimension, the percentage difference between the second width dimension and
the third width dimension being between about 10.0% and about 25.0%, the percentage difference
between the second width dimension and the fourth width dimension being between about 10.0%

and about 25.0%.

[0017] In another umplementation a clot retrieval device 15 provided compwising: an clongate sclf-
expandable member movable from a first delivery position to a second placement position, n the
first delivery position the cxpandable member being in an uncxpanded position and having a
nominal first diamcter and in the sccond position the expandable member being in a radially
expanded position and having a second nominal diameter greater than the first nominal diameter for
deployment within an cmbolic obstruction of a paticnt, the cxpandable member comprising a
phorality of generally longitudinal undulating elements with adjacent undulating elements being
miterconmected in a manner to form a plurality of diagonally disposed cell structures, the expandable
member having a proximal end portion and a cylindrical main body portion, the cell structures in the

main body portion exiending cwcumferentially around a longitudinal axis of the expandable

10
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member, the cell structures in the proximal end portion extending less than circumferentially around
the longitudinal axis of the cxpandable member to form first and sccond peripheral rails having
proximal and distal end scgments, the cell structures in the proximal end portion comprising a first
set of cell structures arranged to form the fivst peripheral rail, a second set of cell structures arranged
to form the second peripheral rail and a third set of cell structures located between the first and
second set of cell structures, the first and second set of cell structures having in common a proximal-
most cell structure, the cell structures 1 the main body portion comprising a fourth set of cell
structures, the proximnal-most cell structure and the first set of cell structares having circumferential
outer-most sirat members that define the first peripheral rail, the proximal-most cell structure and the
second set of cell structures having civcumfcrential onter-most strut members that define the second
peripheral rail, at least some of the circumferential outer-most strut mewbers having different width
dimensions and arranged so that the first and second peripheral rails vary between a first width
dimension at the proximal end segment to second width dimension at the distal end segment, the
second width dimension less than the first width dimension, the percentage change between the first
width dimension and second width dimension is between about 20.0% and about 50.0%, the third set
of cell structures comprising struts having a third width dimension less than the second width
dimension, the fourth set of cell structures comprising struts having a fourth width dimension
substantially the same as the second width dimension, the percentage difference between the second

width dimension and the third width dimension being between about 10.0% and about 25.0%.

[6018] In another implementation a clot retrieval device is provided comprising: an clongate self-
expandable member movable from a first delivery position to a sccond placement position, in the

3
1
¥

first delivery position the cxpandable member being in an unexpanded position and having a
nominal first diameter and in the sccond position the cxpandable member being in a radially
expanded position and having a sccond nominal diameter greater than the first nominal diameter for
deployment within an cmbolic obstruction of a patient, the cxpandable member comprising a
plurality of gencrally longitudinal undulating clements with adjacent undulating clements being
interconnected in a manner to form a plurality of diagonally disposed cell structures, the cxpandable
member having a proximal end portion and a cyhindrical main body portion, the cell structures in the
main body portion extending circumferentially around a longitudinal axis of the expandable
member, the cell structures in the proximal end portion extending less than circumferentially around
the longitudinal axis of the expandable member to form first and second peripheral rails having

proximal and distal end segments, the cell structures 1o the proximal end portion comprising a first
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sct of cell structures arranged to form the first peripheral rail, a second set of cell structures arranged
to form the second peripheral rail and a third sct of ccll structures located between the first and
sccond set of cell structures, the first and second sct of cell structures having in common a proximal-
most cell structure, the cell structures in the main body portion comprising a fourth and fifth set of
cell stroctures, the proximal-most cell structure and the first set of cell structures having
circurnferential outer-most sirut merabers that define the first peripheral rail, the proximal-most cell
structure and the second set of cell structures having circumferential outer-most strut members that
define the second peripheral rail, at least some of the circumferential outer-most strut members
having different width dimensions and arranged so that the first and second peripheral rails vary
between a first width dimension at the proximal end segment to second width dimension at the distal
end segment, the second width dimension less than the first width dimension, the size of the cell
structures in the third and fifth set of cell structures being substantially the same, the size of the cell
structures in the fourth set of cell structures being greater than the size of the cell structures in the
third set of cell structures, the cell structures in the third, fourth and fifth set of cell structures

y, at least some of the fourth and {ifth struts, or

comprising third, fourth and fifth struts, respectively
segments thereof, having a width dimension that is greater than the width dimension of the third

struts.

[6019] In another implementation a clot retrieval device is provided comprising: an clongate self-
expandable member movable from a first delivery position to a sccond placement position, in the
first delivery position the expandable member being in an unexpanded position and having a
noninal first diameter and in the second position the cxpandable member being in a radially
expanded position and having a sccond nominal diameter greater than the first nominal diameter for
deployment within an cmbolic obstruction of a patient, the cxpandable member comprising a
plurality of gencrally longitudinal undulating clements with adjacent undulating clements being
interconnected in a manner to form a plurality of diagonally disposed cell structures, the cxpandable
member having a proximal end portion and a cyhindrical main body portion, the cell structures in the

3
1
¥

main body portion extending circumferentially around a longitudinal axis of the cxpandable
member, the cell structures in the proximal end portion extending less than circumferentially around
the longitudinal axis of the expandable member to form first and second peripheral rails having
proximal and distal end segments, the cell structures 1o the proximal end portion comprising a first
set of cell structores arranged to form the first peripheral rail, a second set of cell structures arranged

to form the second peripheral rail and a third set of cell structures located between the first and
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sccond set of cell structures, the first and second sct of cell structures having in common a proximal-
most cell structure, the cell structures in the main body portion comprising a fourth and fifth set of
cell structures, the proximal-most cell structure and the first set of cell structures having
circurnferential outer-most sirut merabers that define the first peripheral rail, the proximal-most cell
structure and the second set of cell structures having circumferential outer-most strut members that
define the second peripheral rail, at least some of the circumferential outer-most strut members
having different width dimensions and arranged so that the first and second peripheral rails vary
between a first width dimension at the proximal end segment to second width dimension at the distal
end segment, the second width dimension less than the first width dimension, the size of the cell
structures in the third and fifth set of cell structures being substantially the same, the size of the cell
structures in the fourth set of cell structures being greater than the size of the cell structures in the
third set of cell structures, the cell structures in the third, fourth and fifth set of cell structures
comprising third, fourth and fifth strots, respectively, the width dimension of the third struts being
less than the second width dimension, at least some of the fourth and fifth struts, or segments

thereof, having a width dimension substantially equal to the second width dimension.

(00207 In another iuplementation a clot retrieval device 1s provided comprising: an elongate self-
expandable member movable from a first delivery position to a sccond placement position, in the
first delivery position the expandable member being in an unexpanded position and having a
noninal first diameter and in the second position the cxpandable member being in a radially
expanded position and having a sccond nominal diameter greater than the first nominal diameter for
deployment within an embolic obstruction of a patient, the expandable member comprising a
plurality of gencrally longitudinal undulating clements with adjacent undulating clements being
interconnected in a manner to form a plurality of diagonally disposed cell structures, the cxpandable
member having a proximal end portion, a cylindrical main body portion and a distal end portion, the
cell structures in the main body portion extending circumferentially around a longitudinal axis of the
expandable member, the cell structures in the proximal and distal end portions extending less than
circumferentially around the longitudinal axis of the expandable member, the cell structures in the
proximal cnd portion forming first and second peripheral rails having proximal and distal end
segments, the cell structures in the proximal end portion comprising a first set of cell structores
arranged to form the first peripheral rail, a second set of cell structures arranged to form the second
peripheral raill and a thurd set of cell structores located between the first and second set of cell

structures, the first and sccond set of cell structures having in common a proximal-most cell
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structure, the cell structures in the main body portion comprising a fourth sct of cell structures, the
cell structures in the distal end portion comprising a sixth sct of cell structures, the proximal-most
cell structure and the first set of ccll structures having circumferential cuter-most strut members that
define the first peripheral rail, the proxamal-most cell structure and the second set of cell structures
having circumferential outer-most strut members that define the second peripheral rail, at least some
of the circumferential outer-most strut oembers having different width dimensions and arranged so
that the first and second peripheral rails vary between a first width dimension at the proximal end
segruent to second width dimension at the distal end segment, the second width dimension less than
the first width dirnension. In one implementation the first and second peripheral rails are devoid of
undulations and the percenfage change between the first width dimension and second width

dimension is between about 20.0% and about 50.0%.

(00217 In another iuplementation a clot retrieval device 13 provided comprising: an elongate self-
expandable member movable from a first delivery position to a second placement position, in the
first delivery position the expandable memwber being in an unexpanded position and having a
nominal first diameter and in the second position the expandable member being in a2 radially
expanded position and having a second nominal diameter greater than the fivst nominal diameter for
deployment within an embolic obstruction of a patient, the expandable member comprising a
plurality of gencrally longitudinal undulating clements with adjacent undulating clements being
interconnected in a manner to form a plurality of diagonally disposed cell structures, the expandable
member having a proximal end portion, a cylindrical main body portion and a distal end portion, the
cell structures in the main body portion extending circumferentially arcund a longitudinal axis of the
expandable member, the cell structures in the proximal and distal end portions extending less than
circumferentially around the longitudinal axis of the expandable member, the cell structures in the
proximal cnd portion forming first and second peripheral rails having proximal and distal end
segments, the cell structures in the proximal end portion comprising a first sct of cell structures
arranged to form the first peripheral rail, a sccond set of cell structures arranged to form the second
peripheral rail and a third sct of cell structures located between the first and second st of cell
structures, the first and sccond sct of cell structures having in common a proximal-most cell
structure, the cell structores in the main body portion comprising a fourth and fitth set of cell
structures, the cell structures in the distal end portion comprising a sixth set of cell structures, the
proximal-most cell structure and the fivst set of cell structures having circumferential outer-most

strut members that define the first peripheral rail, the proximal-most cell structure and the second set
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of cell structures having circumferential outer-most strut members that define the second peripheral
rail, at least some of the circumferential outer-most strut members having different width dimensions
and arranged so that the first and second peripheral rails vary between a first width dimension at the
proximal end segment to second width dumension at the distal end segment, the second width
dimension less than the first width dimension, the size of the cell structures in the thud, fifth and
sixth set of cell structures being substantially the same, the size of the cell stractures in the fourth set
of cell stractures being greater than the size of the cell structures in the third, fifth and sixth set of
cell structures, the cell structures in the third, fourth, fifth and sixth set of cell structures comprising
third, fourth, fifth and sixth struts, respectively, at least some of the fourth and fifth struts, or
segments thereof, having a width dimension that is greater than the width divnension of the third and

stxth struts.

(00221 In another iuplementation a clot retrieval device 13 provided comprising: an elongate self-
expandable member movable from a first delivery position to a second placement position, in the
first delivery position the expandable memwber being in an unexpanded position and having a
nominal first diameter and in the second position the expandable member being in a2 radially
expanded position and having a second nominal diameter greater than the fivst nominal diameter for
deployment within an embolic obstruction of a patient, the expandable member comprising a
plurality of gencrally longitudinal undulating clements with adjacent undulating clements being
interconnected in a manner to form a plurality of diagonally disposed cell structures, the expandable
member having a proximal end portion, a cylindrical main body portion and a distal end portion, the
cell structures in the main body portion extending circumferentially arcund a longitudinal axis of the
expandable member, the cell structures in the proximal and distal end portions extending less than
circumferentially around the longitudinal axis of the expandable member, the cell structures in the
proximal cnd portion forming first and second peripheral rails having proximal and distal end
segments, the cell structures in the proximal end portion comprising a first sct of cell structures
arranged to form the first peripheral rail, a sccond set of cell structures arranged to form the second
peripheral rail and a third sct of cell structures located between the first and second st of cell
structures, the first and sccond sct of cell structures having in common a proximal-most cell
structure, the cell structores in the main body portion comprising a fourth and fitth set of cell
structures, the cell structures in the distal end portion comprising a sixth set of cell structures, the
proximal-most cell structure and the fivst set of cell structures having circumferential outer-most

strut members that define the first peripheral rail, the proximal-most cell structure and the second set
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of cell structures having circumferential outer-most strut members that define the second peripheral
rail, at least some of the circumferential outer-most strut members having different width dimensions
and arranged so that the first and second peripheral rails vary between a first width dimension at the
proximal end segment to second width dumension at the distal end segment, the second width
dimension less than the first width dimension, the size of the cell structures in the thurd, fifth and
sixth set of cell structures being substantially the same, the size of the cell stractures in the fourth set
of cell stractures being greater than the size of the cell structures in the third, fifth and sixth set of
cell structures, the cell structures in the third, fourth, fifth and sixth set of cell structures comprising
third, fourth, fifth and sixth struts, respectively, the width dimension of the third and sixth strois
being less than the second width dimension, at least some of the fourth and fifth strafs, or segments

thereof, having a width dimension substantially equal to the second width dimension.

(00231 In other implementations embolic obstruction retrieval devices are provided comprising; an
clongate self-expandable member movable from a first delivery position to a second placement
position, in the first delivery position the expandable member being in an unexpanded position and
having a nominal first diameter and in the second position the expandable member being in a
radially expanded position and having a second nominal diameter greater than the first nominal
diameter for deplovment within an embolic obstruction of a patient, the expandable member
comprising a plurality of generally longitudinal undulating elements with adjacent undulating
clements being interconnected in a manner to form a plurality of diagonally disposed cell structures,
the expandable member having a proximal antenna, a proximal end portion and a cylindrical main
body portion, the cell structures in the main body portion extending circumferentially around a
iongitudinal axis of the expandable member, the cell structures in the proximal and distal end
portions cxtending less than circumferentially around the longitudinal axis of the expandable
member, the outer-most cell structures in the proximal end portion having proximal-most wall
scgments that form first and second rail segments that cach extend from a position at or near the
proximal-most end of the expandable member to a position at or near the cvlindrical main body
portion, the proximal-most ccll structure of the proximal end portion comprising first and second
outer struts that extend distally from the proximal antenna, in a two-dimensional layout at least a
portion of cach of the fivst and second outer struts comprise a straight segment, each of the straight

seginent being coexiensive to the proximal anienna.
fax =
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[0024] In other implementations embolic obstruction retrieval devices are provided comprising; an
clongate self-cxpandable member movable from a first delivery position to a second placement
posttion, in the first delivery position the expandable member being in an unexpanded position and
having a nommal first diameter and 1o the second position the expandable member being ina
radially expanded posttion and having a second nonunal diameter greater than the first nonunal
diameter for deployment within an embolic obstruction of a patient, the expandable member
comprising a plurality of generally longitudinal undulating elements with adjacent undulating
clements being intercormected in a manner to form a plurality of diagonally disposed cell stroctures,
the expandable member having a proximal anteuna, a proximal end portion and a cylindrical main
body portion, the cell stractures in the main body portion extending circumferentially around a
iongitudinal axis of the expandable member, the cell structures in the proximal and distal end
portions extending less than circumferentially around the longitudinal axis of the expandable
member, a first set of outer-most cell structares in the proximal end portion having proximal-most
wall segments that form a non-undulating rail segment that extends from a position at or near the
proximal-most end of the expandable member to a position at or near the cyvlindrical main body
portion, and a second set of outer-most cell structires in the proximal end portion having proximal-
most wall scgments that form an undulating rail segment that extends from a position at or near the
proximal-most end of the expandable member to a position at or near the cylindrical main body

portion.

(60257 In other implementations embolic obstruction retricval devices are provided comprising; an
clongate sclf-expandable member having a radially expanded configuration and a radially
uncxpanded configuration, the expandable member comprising a plurality of generally longitudinal
undulating clements with adjacent undulating clements being interconnected in a manner to form a
plurality of diagonally disposed cell structures, the expandable member having a proximal antenna, a
proximal end portion and a cylindrical main body portion comprising a proximal section and a distal
section, the cell structures in the cylindrical main body portion extending circumferentially around a
iongitudinal axis of the expandable member, the ccll structures in the proximal end portion
extending less than circumferentially arcund the longitudinal axis of the expandable member, in the
expanded configuration the distal section of the cylindrical main body portion having an average
diameter greater than the average diameter of the proximal section of the cylindrical main body
portion. In some iroplementations the average length of the cell stractures in the distal section of the

cylindrical maim body portion is greater than the average length of the cell structures in the proximal
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section of the cylindrical main body portion, the average length of the cell structures in the proximal
section of the cylindrical main body portion being greater than the average length of the cell
structurces in the proximal end portion, the average length to width ratio of the cell structures in the
proximal end portion and cylindrical mam body portion being greater than one when the self-

expandable member 1s in the constrained and vneonstrained configuration

[0026] In other implementations embolic obstruction retrieval devices are provided comprising; an
clongate self-expandable member having a radially expanded configuration and a radially
unexpanded configuration, the expandable member comprising a plurality of generally longitudinal
undulating elements with adjacent undulating clements being interconnected in a manner to form a
plurality of diagonally disposed cell structures, the expandable member having a proximal antenna, a
proximal end portion and a cylindrical main body portion comprising a proximal section and a distal
section, the cell structures in the oylindrical main body portion extending circumferentially around a
longitndinal axis of the expandable member, the cell structures in the proximal end portion
extending less than circumferentially around the longitudinal axis of the expandable member, the
average length to width ratio of the cell structures n the distal section of the cylindrical main body
portion being greater than the average length to width ratio of the cell structures in the proximal
section of the cvlindrical main body portion, the average length to width ratio of the cell structures
in the proximal section of the cylindrical main body portion being greater than the average length to
width ratio of the cell structures in the proximal end portion, the average length to width ratio of the
cell structures in the proximal end portion being greater than one when the self-expandable member

is in the unexpanded and expanded configuration.

(00277 In other implementations embolic obstruction retrieval devices are provided comprising; an
clongate self-cxpandable member having a radially expanded configuration and a radially
unexpanded configuration, the expandable member comprising a plurality of generally longitudinal
undulating elements with adjacent undulating elements being interconnected in a manner to form a
plurality of diagonally disposed cell structures, the expandable member having a proximal antenna, a
proximal end portion and a cylindrical main body portion, the cell structures in the cylindrical main
body portion extending circumferentially around a longitudimal axis of the expandable member, the
cell structures in the proximal end portion extending less than civcumferentially around the
longitudinal axis of the expandable member, the cell structures in the cylindrical main body portion

comprising proximal and distal facing V-like structures that are intercomected by a pair of
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diagonally extending and circumferentially spaced-apart struts, the proximal and distal V-like
structures having a first average width dimension and the pair of diagonally extending and
circumfercntially spaced-apart struts having a second average width dimension that is greater than

the first average width dimension.

[0028] In other implementations embolic obstruction reirieval devices are provided comprising; an
elongate self-cxpandable member having a radially expanded configuration and a radially
unexpanded configuration, the expandable merober comprising a plurality of generally lovgitudinal
undulating elerments with adjacent undulating elements being interconnected in a manner to form a
plurality of diagonally disposed cell structures, the expandable member having a proximal antenna, a
proximal end portion and a cvlindrical main body portion comprising a proximal section and a distal
section, the cell structures in the evlindrical main body portion extending circamferentially around a
longitudinal axis of the expandable member, the cell structures in the proximal end portion
extending less than circumferentially around the longitudinal axis of the expandable member, the
cell structures in the cylindrical main body portion comprising proximal and distal facing V-like
structures that are interconnected by a pair of diagonally extending and circamferentially spaced-
apart struts, the diagonally extending and circumferentially spaced-apart strits comprising fivst end
segments, second end segments, and a middie segment disposed between the first and second end
segments, the first end segments being coupled to the proximal V-like structure and the second end
segments being coupled to the distal V-like structure, the proximal and distal V-like structures
having a first average width dimension, the middle segments of the diagonally extending and
circumferentially spaced-apart struts having a second average width dimension that is greater than
the first average width dimension, the first and second end segments of the diagonally extending and
circumfercntially spaced-apart struts having a third average width dimension that is greater than the

first average width dimension and less than the second average width dimension.

100297 In other implementations embolic obstruction retricval devices are provided comprising; an
clongate sclf-expandable member having a radially expanded configuration and a radially
uncxpanded configuration, the expandable member comprising a plurality of generally longitudinal
undulating elerments with adjacent undulating elements being interconnected in a manner to form a
plurality of diagonally disposed cell structures, the expandable member having a proximal antenna, a
proximal end portion and a cylindrical main body portion comprising a proximal section and a distal

section, the cell stractures in the evlindrical main body portion exiending circomferentially around a
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iongitudinal axis of the expandable member, the ccll structures in the proximal end portion
extending less than circumferentially around the longitudinal axis of the expandable member, the
cell structures in the cylindrical main body portion comprising proximal and distal V-like structures
that are inferconnected by a pair of diagonally extending and circumferentially spaced-apart struts, at
icast some of the diagonally extending and circamferentially spaced-apart struts having one or more
wires or ribbons wound thereabout so as to enhance the average deflection stiffness of allor a
portion of the cyvlindrical mam body portion when the self~expandable member is in the radially

expanded configuration,

BRIEF DESCRIPTION OF THE DRAWINGS

(00307 Alternative implementations of the present disclosure are described herein with reference to
the drawings wherein:

Figure [ A illustrates a two-dimensional plane view of an expandable member of a treatment device
in one embodiment.

Figure 1B is an 1sometric view of the expandable member tllustrated tn Figure 1A

Figare 2 illustrates a distal wire segment that extends distally from an expandable member in one
embodiment.

Figure 3 illustrates the distal end of an expandable member having an atraumatic tip.

Figure 4A illustrates a two-dimensional plane view of an cxpandable member of a treatment device
in another embodiment.

Figure 4B is an enlarged view of the proximal-most segment of the expandable member illustrated in
Figure 4A.

Figure 5 illustrates a distal end of an cxpandable member in one embodiment.

Figure 6A illustrates a two-dimensional plane view of an expandable member of a treatment device
m another embodiment.

Figure 6B is an isometric view of the expandable member tllustrated in Figure 64,

Figurc 7A illustrates a two-dimensional plane view of an expandabic member of a treatment device
in another ernbodiment,

Figurc 7B is an isometric view of the expandable member tllustrated in Figure 7A.

Figure 7C illustrates a two-dirsensional plane view of an expandable member of a treatment device
m another embodiment.

Figure 8 illusirates a two-dimensional plane view of an expandable member of a treatment device in

another embodiment.

20



WO 2012/106657 PCT/US2012/023858

Figure 9 illustrates an cxpandable member in an expanded position having a bulge or increased
diameter portion.

Figure 10 iHustrates a two-dimeunsional planc view of an expandable member of a treatment device
m another embodiment.

Figure 11 A ilhustrates a two~-dimensional plane view of an expandable member of a treatinent device
m one implementation,

Figure 1iB 13 an isometric view of the expandable member tllustrated in Figure 1A,

Figure |2 illustrates a two-dimensional plane view of an expandable member of a treatment device
in another iplementation,

Figures 13A through 13C iHustrate a method for retrieving an embolic obstruction in accordance
with one implementation.

Figare 14 illustrates a two-dimensional plane view of an expandable member of a treatment device
in another embodiment.

Figare 15 llustrates a two-dimensional plane view of an expandable member of a treatment device
in yet another embodiment,

Figare 16 Hustrates an isometric view of an expandable member in another embodiment baving an
mternal wire segment.

Figure 17 illustrates an isometric view of an expandable member in another embodiment having an
external wire segment.

Figure 18 illustrates an isometric view of an expandable member in yet another embodiment having
a distal cmboli capture device.

Figure 19 illustrates a two-dimensional plane view of an expandable member of a treatment device
m another embodiment.

Figure 20 illustrates the expandable member of Figure 19 having a longitudinal shit.

Figurc 21 tllustrates the cxpandable member of Figure 19 having a spiral shit.

Figure 22 illustrates the expandable member of Figure 19 having a partial spiral slit.

Figure 23 ilustrates a two-dimensional plane view of an expandable member of a treatment device
in another ernbodiment,

Figurc 24A illustrates a two-dimensional planc view of an expandable member of a treatment device
in yet another ernbodiment,

Figure 24B 1s an isometric view of the expandable member illustrated in Figure 24A.

Figure 25 illustrates a manner in which the proximal extending wire segment of an expandable

device is attached to a delivery wire i one erabodiment,
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Figure 26 ilustrates a two-dimeunsional planc view of an expandable member of a treatment device
m yet another embodiment,

Figures 27A and 278 illustrate isometric side and top views, respectively, of the expandable member
depicted 1n Figure 26,

Figures 28A and 288 illustrate a proxunal wire segioent and a distal wire segiuent, respectively, of
an expandable member in one implementation.

Figure 29 1s a graph representing a radial force curve of an expandable member according to one
implementation,

Figure 30 ilustrates a two-dimensional plane view of clot retrieval devices according some
implementations,

Figure 31 illustrates a two-dimensional plane view of clot retrieval devices according some
implementations.

Figures 32A-C illustrate cell structures according to some of the implementations of Figure 31,
Figare 33A idlustrates a two-dimensional plane view of clot retrieval devices according some
implementations.

Figares 338 and 33C illustrate top and side 1sometric views of the device Hustrated in Figure 33A.
Figure 34A illustrates a two-dimensional plane view of clot retrieval devices according some
implementations.

Figures 34B and 34C illustrate top and side isometric views of the device illustrated in Figure 34A.
Figure 35A iliustrates a two-dimensional plane view of clot retricval devices according some
implementations.

Figures 358 and 35C illustrate top and side isometric views of the device illustrated in Figure 35A.
Figure 36 illusirates a two-dimensional plane view of clot retrieval devices according some
implementations.

Figure 37 illusirates a two-dimensional plane view of clot retrieval devices according some
implementations.

Figure 38 illusirates a two-dimensional plane view of clot retrieval devices according some
implementations.

Figure 39 illusirates a two-dimensional plane view of clot retrieval devices according some
implementations.

Figure 40A dlustraics a two-dimensional plane view of a clot retrieval device according to one
imaplementation,

Figure 40B illusirates a three~dimensional view of the clot retrieval device of Figure 40A,
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Figure 41 illustrates a two-dimensional plane view of clot retrieval devices according some
implementations.

Figure 42A illustrates a two-dimensional plane view of clot retrieval devices according some
implementations,

Figure 42B illustrates an enlarged two-dimensional plane view of the proximal tapered end portion
of the refriever device depicted in Figure 45A.

Figure 43 illustrates a two-dimensional plane view of a proximal-most cell structure according some
implementations,

Figure 44 illustrates a two-dimensional plane view of a proximal-most cell structure according some
implementations,

Figures 45A-C iHustrate two-dimensional plane views of clot retrieval devices according some
implementations.

Figure 46 illustrates a two-dimensional plane view of clot retrieval devices according some
implementations.

Figure 47A illustrates a two-dimensional plane view of a distal end of clot retrieval devices
according some implementations,

Figure 478 illustrates a three-dimensional view of the distal end depicted in Figure 47A.

Figure 48A illustrates a two-dimensional plane view of clot retricval devices according some
implementations.

Figure 48B illustrates a three-dimensional view of the clot retrieval device depicted in Figure 48A.
Figure 49 illustrates a two-dimensional plane view of clot retrieval devices according some
implementations.

Figurc 50 illustrates a two-dimensional plance view of distal segment of a retrieval device according
some implementations.

Figures 51A-D dlustrate two-dimensional planc views of retricval devices according to some
implementations.

Figures 52A and 528 tllustrate two-dimensional plane views of retrieval devices according to some
implementations.

Figure 53 illusirates a two-dimensional plane view of a retrieval device according to some
implementations.

Figure 54 illusirates a two-dimeunsional plane view of a retrieval device according to some

implementations.
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Figure 55 illustrates a two-dimensional planc view of a retrieval device according to some
implementations.

Figures 56A and 568 illustrates a two-dimensional plane view of retrieval devices according to some
implementations,

Figure 57 ilustrates a two-dimensional plane view of a retrieval device according to some
implementations,

Figure 58A illostrates a two-dirnensional plane view of a retrieval device according to some
implementations,

Figure 588 illustrates an enlarged view of cell structures depicted m Figure 58A,

Figure 59A illustrates a side view of a joint member according to one implementation,

Figure 598 illustrates a cross-sectional view of the joint member depicted in Figure SOA.

Figures 60A and 60B show wire attachment configurations according to some implementations.

DETAILED BESCRIPTION

[0031] Figures 1A and 1B illustrate a vascular or bodily duct treatment device 1 in accordance with
one embodiment of the present invention. Device 10 is particularly suited for accessing and treating
the mtracranial vascular of a patient, such as for example treating ancurysms or capturing and
removing embolic obstructions. It is appreciated however, that device 10 may be used for accessing
and treating other locations within the vasculature and also other bodily ducts. Other uses include,
for cxample, treating stenoses and other types of vascular discases and abnormalitics. Figure 1A
depicts device 10 in a two-dimensional plane view as if the device were cut and laid flat on a
surface. Figure 1B depicts the device in its manufactured and/or cxpanded tubular configuration.
Device 10 mcludes a self-expandable member 12 that is attached or otherwise coupled to an clongate
flexible wire 40 that extends proximally from the cxpandable member 12, In one embodiment, the
expandable member 12 is made of shape memory material, such as Nitinol, and is preferably laser
cut from a tube. In onc cmbodiment, the cxpandable member 12 has an integrally formed
proximally extending wire scgment 42 that is used to join the clongate flexible wire 40 to the
expandable member 12, In such an embodiment, flexible wire 40 may be joined to wire scgment 42
by the use of solder, a weld, an adhesive, or other known attachment method. In an alternative
erabodiment, the distal end of flexible wire 40 is attached directly to a proximal end 20 of the
expandable member 12, Tn one emboditnent, the distal end of wire 40 has a flat profile with a width

of about 0.005 inches with the width and thickness of the wire segment 42 being about 0.0063 and
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[0032] In one embodiment, the distal end of wire 40 is attached to the proximally extending wire
segment 42 by the following method, resulting in the joint iHustrated in Figure 25. In one
implementation, a coil 41 is positioned over wire segment 42, the coil having a closely wrapped
segment 41a abutting the proximal end of expandable member 12, and a loosely wrapped segment
41b that includes one or more gaps 41c. The size of the one or more gaps 41c being sufficient to
introduce a bonding agent into at least the inner cavity of coil segment 41b, In one embodiment, the
fength of wire segmient 42 and the coil 41 are equal. In one embodimnent the length of the wire
segment 42 is 4.0 millieters with the coil 41 bemg of equal length, Once the codl 41 has been
placed over the wire segment 42, the distal end of wire 40 is placed within cod segment 41b so that
it makes contact with and overlaps the proximal end portion of wire segment 42, A bonding agent is
then applied through the gaps 41¢ of coil 41 to bond the wire 40 with wire segment 41. The bonding
agent may be an adhesive, solder, or any other suitable bonding agent. When the bonding agentis a
solder, a preceding step in the process involves coating the distal end portion of wire 40 and the
proximal end portion of wire scgment 42 with tin or another suitable wetting agent. In one
implementation the solder is gold and is used to enhance the radiopacity of the joint so that the joint
may serve as a proximal radiopagque marker. In addition to the use of gold, all or portions of the coil
nmay be made of a radiopaque material to further enhance the radiopacity of the joint. According to
onc embodiment, the length of overlap between the wire 40 and wire segment 42 is between .75
and 1.0 mullimeters. In the same implementation or in other implementations, the length of coil
segment 41b is equal, or substantially equal, to the overlap length of the wire 40 and wire segment
42. In an alternative embodiment, in licu of the use of a single coil 41, two or more coils in abutting
relationship are used with, for example, a first closely wound coil abutting the proximal end 20 of
the expandable member 12 and a sccond loosely wound coil with gaps situated proximal to the
closely wound coil.  Although not shown in the figures, in one embodiment a distal end length of
wire 40 is tapers in the distal direction from a nominal diameter to a reduced profiic. Along this
iength is provided a distal wire coil of a constant outer diameter with no taper. In accordance with

one implementation, the diameter of coil 41 has the same ocuter diameter as the distal wire coil.

[0033] One advantage of the joint construction is that it is resistant to buckling while the device is
being pushed through a delivery catheter while at the same time being sufficiently flexible to enable
the device to be dehivered through the tortuous anatomy of 4 patient. In addition, the joint 1s able to

withstand high tensile and torgoe loads without breaking., Load test have shown the joint of the
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previously described embodiment can withstand in excess of 2 pounds of tensile stress. In one
embodiment, coil 41 is made of a radiopague material to alse function as a proximal radiopaque

marker.

[0034] Figure 28A depicts an alternative proximal wire segment construction.  As shown, the
proximal wire segment 4002 coraprises a first section 4002a and a second section 4002b, with the
second section 4002b having a width W greater than the width of the first section. In one
implementation a tapered transition section 4003 jons the first and second sections 4002a and
4002b. In one implernentation the width of the {irst section 4002a is about 0.0063 inches while the
width W of the second section is between about 0.0085 juches and about 0.0105 jnches. In one
mmplementation the length L between the proximal end 40035 of the expandable member 4004 and
second section 4002b of the wire segment 4002 is between about (.017 inches and about 0.022
imnches.  An advantage of the inclusion of the second section 4002b is that the greater width
dimension provides a larger surface area for bonding the wire segment 4002 to the elongate wire 40
used in the delivery and retraction of the elongate member from a duct of a patient. In one
implementation the first section 4002a has a circular or substantially circular construction and the

second section 40020 has a flat profile formed by a pressing/coining operation.
o O o

[6035] In the embodiment of Figures 1A and 18, cxpandable member 12 includes a plurality of
generally longitudinal undulating clements 24 with adjacent undulating elements being out-of-phase
with one another and connected in a manner to form a plurality of diagonally disposed cell structures
26. The expandable member 12 includes a proximal end portion 14, a cylindrical mam body portion
16 and a distal cnd portion 18 with the cell structures 26 in the main body portion 16 cxtending
continuously and circumterentially around a longitudinal axis 30 of the expandable member 12, The
cell structures 26 in the proximal end portion 14 and distal oend portion 18 coxtend less than

circumferentially around the longitudinal axis 30 of the expandable member 12,

[0036] In onc embodiment, expandable member 12 has an overall length of about 33.0 millimeters
with the main body portion 16 measuring about 16.0 millimeters in length and the proximal and
distal end portions 14 and 1§ each measoring about 7.0 millimeters 1o length.  Tn alternative
embodiments, the length of the main body portion 16 is generally between about 2.5 to about 3.5

times greater than the length of the proximal and distal end portions 14 and 1§,
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(00371 In use, cxpandable member 12 is advanced through the tortuous vascular anatomy or bodily
duct of a patient to a treatment site in an uncxpanded or compressed state (not shown) of a first
nominal diameter and is movable from the unexpanded state to a radially expanded state of a second
nominal diameter greater than the first nominal diameter for deployment at the freatment site. Tn
alternative excmplary embodiments the first nominal diameter (e.g., average diameter of mam body
portion 16) ranges between about 0.017 to about 0.030 inches, whereas the second nomunal diameter
{¢.g., average diameter of main body portion 16) 1s between about 2.5 to about 5.0 millimeters. In
one iroplementation, the dimensional and material characteristics of the cell structares 26 residing in
the main body portion 16 of the expandable material 12 are selected fo produce sufficient radial
force and contact interaction to cause the cell structures 26 to engage with an embolic obsiruction
residing in the vascular in a manner that permits partial or full removal of the embolic obstruction
from the patient. In alternative embodiments the dimensional and material characteristics of the cell
structures 26 in the main body portion 16 are selected to produce a radial force per unit length of
between about .605 N/mm to about 0.050 N/mm, preferable between about 0.010 N/mm to abont
0.050 N/mum, and more preferably between about 0.030 N/mm and about 0.050 N/mm. In one
embodiment, the diameter of the main body portion 16 in a fully expanded state 1s about 4.0
millimeters with the cell pattern, strut dimensions and material being selected to produce a radial
force of between about 0.040 N/mm to about (.05 N/mm when the diameter of the main body
portion 1s reduced to between about 1.0 millimeters to about 1.5 millimeters. In the same or
alternative embodiment, the cell pattern, strut dimensions and material(s) are selected to produce a
radial force of between about 0.010 N/mm to about 0.020 N/mm when the diameter of the main

body portion is reduced to 3.0 millimeters.

[G038] In the embodiments of Figures 1A and 1B, cach of the cell structures 26 are shown having
the same dimensions with cach cel structure including a pair of short struts 32 and a pair of long
struts 34, In an cxemplary embodiment, struts 32 have a length of between about 0.080 and about
0.100 inches, struts 34 have a length of between about 0,130 and about 0.140 inches, with cach of
struts 32 and 34 having an as-cut width and thickness of about 0.003 inches and about 0.0045 inches,

3
1
¥

respectively, and a post-polishing width and thickness of between about 0.0022 inches and about
0.0039 inches, respectively.  An advantage of having a strut thickness to width ratio of greater than
one is that it promotes integration of the strut mto the embolic obstruction. Tn alternative
erobodiments, the post-polishing width and thickness dimensions varies between about 0.0020

mches to about 0.0035 and about 0.0030 inches to about 0.0040 inches, respectively, with the
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thickness to width ratio varying between about 1.0 to about 2.0, and preferably between about 1.25

to about 1.75.

[0039] In one embodiment, only the strut eleroents of the mam body portion 16 have a thickness to
width dimension ratio of greater than one. In another embodiment, only the strut clements of the
main body portion 16 and distal end portion 18 have a thickness to width dimension ratio of greater
than one. In another embodiment, only a portion of the strut clements have a thickness to width
dimension ratio of greater than one. Tn yet another embodiment, strut elements o differcnt parts of
the expandable member have different thickness to width dimension ratios, the ratios in each of the
parts being greater than one. As an example, becanse the radial force exerted by the proximal end
portion 14 and distal end portion 18 of the expandable member 12 may generally be less than the
radial force exerted by the main body portion 16, the strut elements in the distal and/or proximal end
portions can have a thickness to width ratio that 15 greater than the thickness to width ratio of the
strufs in the main body portion 16, An advantage of this construction is that the ability of the
expandable member 12 to integrate into an embolic obstruction 1s made to be more uniform along

the length of the expandable member,

(00401 In other embodiments, certain, or all of the strut clements have a tapered shape with the outer
face of the strut having a width dimension less than the width dimension of the inner face of the
strut.  {n other embodiments, the expandable member 12 may comprise strut elements having a

generally rectangular cross-section and also strut elements having a tapered shape.

100417 It is important to note that the present mvention is not limited to expandable members 12
having uniform cell structures nor to any particular dimensional characteristics. As an example, in
altcrnative embodiments the cell stroctures 26 in the proximal and/or distal end portions 14 and 18
are cither larger or smaller in size than the cell structures 26 in the main body portion 16, In one
embodiment, the cell structures 26 in the proximal and distal end portions 14 and 18 are sized larger
than those in the main body portion 16 so that the radial forces exerted in the end portions 14 and 18

are lower than the radial forces exerted in the main body portion 16.
[0042] The radial strength along the length of the expandable member 12 may be varied i a variety
of ways. One method is to vary the mass {e.g., width and/or thickness) of the strots along the length

of the expandable member 12, Another method is to vary the size of the cell structures 26 along the
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iength of the expandable member 12, The use of smaller cell structures will generally provide
higher radial forces than those that are larger. Varying the radial force cxerted along the length of
the cxpandable member can be particularly advantageous for use in cntrapping and retricving
embolic obstructions. For example, in one embodiment the radial force mn the distal section of the
main body portion 16 of the expandable member 12 in its expanded state s made o be greater than
the radial force in the proximal section of the main body portion 16, Such a configuration promotes
a larger radial expansion of the distal section of the main body portion 16 mio the embolic
obstruction as compared to the proximal section. Because the expandable member 12 1s pulled
proximally during the removal of the embolic obstruction {from the patient, the aforementioned
configuration will reduce the likelihood of particles dislodging from the embolic obstruction during
its removal. In an alternative embodiment the radial force in the proximal section of the main body
portion 16 of the expandable member 12 in its expanded state is made to be greater than the radial
force n the distal section of the main body portion 16, In vet another embodiment, the main body
portion 16 of the expandable member 12 includes a proximal section, a midsection and a distal
section with the radial force in the proximal and distal sections being larger than the radial force m

the midsection when the expandable member 12 1s in an expanded state.

(00431 In alternative embodiments, as cxemplified in Figure 9, the main body portion 16 may
include an increased diameter portion or bulge 70 to enhance the cxpandable member’'s ability to
entrap or otherwise cngage with an embolic obstruction. In Figure 9, a single increased diameter
portion 70 is provided within the midsection of main body portion 16, in alternative cmbodiments,
the increased diameter portion 70 may be positioned proximally or distally to the midsection. In yet
other embodiments, two or more increased diameter portions 70 may be provided along the length of
the main body portion 16, In one implementation, the two or more increased diameter portions 70
have cssentially the same manufactured nominal diameter. In another implementation, the distal-
most increased diameter portion 70 has a greater manufactured nominal diamcter than the
proximally disposed increased diamcter portions.  In alternative cxemplary embodiments the
nominal diameter of the increased diameter portion 70 is between about 25.0 to about 45.0 percent
greater than the nominal diameter of the main body portion. For example, in one embodiment, the
nominal expanded diameter of mamn body portion 16 s about 3.0 millimeters and the nominal
diameter of the increased diameter portion 70 is about 4.0 millimeters. In another embodiment the
nominal expanded diameter of man body portion 16 s about 3.50 millimeters and the nominal

diameter of the increased diameter portion 70 1s about 5.00 nullimeters. In one embodiment, the one
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or more increased diameter portions 70 are formed by placing an expandable mandrel mto the
mternal lumen of the main body portion 16 and expanding the mandrel to create the increased
diameter portion 70 of a desired diameter. In another embodiment, one or more of the increased
diameter portions 70 are formed by placing a mandrel of a given width and diameter into the main
body portion 16 and then crimping the expandable member 12 v a manner o cause at least a portion

of the main body portion 16 1o be urged against the mandrel.

[0044] In one embodiment, the strot elements in the mcreased diameter portion or portions 70 have a
thickness dimension to width dimension ratio that is greater than the thickness to width ratio of the
other struts i the main body portion 16, In vet another embodiment, the strut clements in the
mcreased diameter portion or portions 70 have a thickuess dimension to width dimension ratio that is

less than the thickness to width ratio of the other struts in the main body portion 16.

[0045] In one implementation, a distal wire segment S0, that is attached to or integrally formed with
expandable member 12, extends distally from the distal end 22 of the expandable member 12 and is
configured to assist in guiding the delivery of the expandable member to the treatment site of a
patient. Figure 2 shows a distal wire segment 50 in one embodiment having a first section 52 of a
uniform cross-section and a sccond section 54 having a distally tapering cross-section. In an
exemplary embodiment, the first section 52 has a length of about 3.0 millimeters and an as-cut cross-
sectional dimension of about 0.0045 inches by about 0.003 inches, and whereas the second section
54 has a length of about 4.0 millimeters and tapers to a distal-most, as-cut, cross-sectional dimension
of about 0.002 inches by about 0.003 inches. Post-polishing of the device generally imvolves an
ctching process that typically results in a 40% to 50% reduction in the as-cut cross-sectional
dimensions. In another embodiment, as depicted in Figure 3, the distal wire segment 50 is bound by
a spring member 57 of a uniform diameter and is eguipped with an atruamatic distal tip 58, In
alternative embodiments, the spring element 57 and/or the atravmatic tip 58 are made or coated with

of a radiopague material, such as, for example, platinum,

[0046] Figure 28b illustrates an alternative distal wire segment construction. As depicted, the distal
wire segment 4010 includes a first section 401 [a and a second section 401 1h, the second section
4011b having a width W greater than the width of the fivst section 4011a. In ove oplementation a
tapered transition section 4012 joins the first and sccond sections 4011a and 401ib. In oune

implementation the width W of the second section is between about 0.003 inches and about 0.004
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imnches with the length L between the distal end 4013 of the cxpandable member 4014 and the sccond
section 401 1h of the wire segment 4010 being between about 8,015 inches and about 0.020 inches.
An advantage of the mchlusion of the second scction 4011b is that the greater width dimension
provides a larger surface arca for bonding 4 coil/spring segment 57 to the wire segment 4010, Tn one
ioplementation the first section 401 1a has a circnlar or substantially circular construction and the

second section 40111 has a flat profile formoed by a pressing/coining operation,

[0047] In one embodiment, as will be deseribed in moore detail below, the expandable member 12 1s
dehivered to the treatment site of a patient through the lomen of a delivery catheter that has been
previously placed at the treatment site. Tn an alicrnative embodiment, the vascular treatment device
10 includes a sheath that restrains the expandable member 12 in a compressed state during delivery
to the treatment site and which is proximally retractable to cause the expandable member 12 to

assume an expanded state.

[0048] In one implementation, the expandable member 12 in the expanded state is able to engage an
embolic obstruction residing at the freatment site, for example by embeddimg itself into the
obstruction, and is removable from the patient by pulling on a portion of the clongate flexible wire
40 residing outside the patient until the expandable meomber 12 and at least a portion of the embolic

obstruction are removed from the patient.

100497 The use of interconnected and out-of-phase undulating clements 24 to create at least some of
the cell structures 26 in alternative embodiments provides several advantages. First, the curvilinear
nature of the ccll structures 26 enhances the flexibility of the expandable member 12 during its
delivery through the tortuous anatony of the patient to the treatment site. In addition, the out-of-
phase relationship between the undulating elements facilitates a more compact nesting of the
expandable member clements permitting the expandable member 12 to achieve a very small
compressed diameter. A particular advantage of the cxpandable member strut pattern shown in
Figure 1A, and various other embodiments described herein, is that they enable sequential nesting of
the cxpandable member clements which permit the cxpandable members to be partially or fully
deployved and subsequently withdrawn into the lumen of a delivery catheter. The out-of-phase
relationship also results i a diagonal orientation of the cell structures 26 which may induce a
twisting action as the expandable member 12 transitions between the compressed state and the

expanded state that helps the expandable member to better engage with the embolic obstruction. Tn
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alternative embodiments, the ccll structures 26 of the expandable member 12 are specifically
arranged to produce a desired twisting action during expansion of the expandable member 12, In
this manner, different expandable members cach having different degrees of twisting action may be

made available to treat, for example, different types of embolic obstructions.

[0050] To enhance visibility of the device under fluoroscopy, the expandable member may be fully
or partially coated with a radiopague material, such as tungsten, platinum, platinum/imidium,
tantalom and gold. Alternatively, or in conjunction with the use of a radiopaque coating, radiopague
markers 60 may be positioned at or vear the proximal and distal ends 20 and 22 of the expandable
device and/or along the proximal and distal wire segments 42 and 50 and/or on selected expandable
member strut segments.  [n one embodiment, the radiopague markers 60 are radiopague coils, such

as platinum cotls.

(00517 Figure 4A depicts a vascular treatment device 100 in a two-dimensional plane view in
another embodiment of the present invention. In its manufactured and/or expanded tubular
configuration, device 100 has a stmilar construction as device 10 shown in Figore 1B, Like device
10 described above in conjunction with Figures 1A and 1B, device 100 inclndes a self-expandable
member 1172 that is coupled to an elongate flexible wire 140, The expandable member 112 includes
a proximal end portion 114, a cylindrical main body portion 116 and a distal end portion 118, As
mentioned above, delivery of the cxpandable member 112 in its unexpanded state to the treatment
sitc of a patient is accomplished in one manner by placing the expandable member 112 into the
proximal end of a delivery catheter and pushing the expandable member 112 through the lumen of
the delivery catheter until it reaches a distal end of the catheter that has been previously placed at or
across the treatment stie. The proximally extending elongate flexible wire 140 which is attached to
ot coupled to the proximal end 120 of the expandabic member 112 is designed to transmit a pushing
force applied to it to its connection point with the clongate flexible member 112, As shown in
Figure 4A, and m more detail in Figure 4B, device 100 1s distinguishable from the various
erabodiments of device 10 described above in that the proximal-most cell structures 128 and 130 in
the proximal end portion 114 include strot elements having a width dimension W1 larger than the
width dimension W2 of the other strut elements within the expandable member 112, As shown, the
proximal-most wall sections 160, 162 and 164 of cell structures 128 are made of struts having width
Wi, Moreover, all the struts of the proximal-most cell structure 130 have an enhanced width W1,

The inclusion and placement of the struts with width W1 provides several advantages. One
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advantage is that they permit the push force applied by the distal end of the clongate wire 140 to the
proximal end 120 of clongate member 112 to be more evenly distributed about the circomference of
the expandable member 112 as it 1s being advanced through the tortuous anatomy of a patient. The
more evenly distributed push force minimizes the formation of localized high force components that
would otherwise act on individual or multiple strut elements within the expandable member 112 to
cause them fo buckle. Also, by mchiding the struts of width W1 in the peripheral regions of
proximal eund portion |14, they greatly mhibit the tendency of the proximal end portion 114 to
buckle under the push force applied to it by clongate wire 140, In one exeraplary embodiment the
as~cut width dimension W1 1s about 0.0045 inches and the as-cut width dimension W2 is about
0.003 inches.  As discossed above, post-polishing of the device generally involves an etching

process that typically results in a 40% to 50% reduction in the as-cut cross-sectional dimensions.

F00527 It is mmportant to note that although the width dimension W1 is shown as being the same
among all struts having an enhanced width, this is not required. For example, in one embodiment
wall segments 158 may have an enhanced width dimension greater than the enhanced width
dimension of wall segments 160, and wall scgments 160 may have an enhanced width dimeunsion
greater than the enhanced width dimension of wall segments 162, and so on. Moreover, the inner
strut clements 166 of the proximal-most cell structure 130 may have an enhanced width dimension
less than the enhanced width dimensions of struts 158, Also, in alternative embodiments, the radial
thickness dimension of struts 158, 160, 162, 164, ctc. may be cnhanced in lLicu of the width

dimension or in combination thereof,

[0053] In vet another embodiment, as shown in Figore 5, some of the strut elements 180 in the distal
end portion |18 of the expandable member 112 have a mass greater than that of the other struts to
resist buckling and possible breaking of the struts as device 100 1s advanced to a treatment sitc of a
patient. In the embodiment shown, struts 180 arc dimcensioned to have the same width as distal wire
segment 150, In alternative embodiments, the thickness dimension of struts 180 may be enhanced in

fien of the width dimension or in combination thereof,

[00534] Figures 6A and 6B ilustrate a vascular treatment device 200 i accordance with another
embodimaent of the present mvention. Figure 6A depicts device 200 in a two-dimensional plane
view as 1f the device were cut and laid flat on a surface, Figure 6B depicts the device in us

manufactured and/or expanded tubular configuration. Device 200 includes an expandable oember
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212 having a proximal end portion 214, a cvlindrical main body portion 216 and a distal end portion
218 with an elongate flexible wire 240 attached to or otherwise coupled to the proxamal end 220 of
the expandable member, The construction of device 200 is simular to device 100 described above in
conjunction with Figures 4A except that the proximal wall segments 260 of cell structures 228 and
230 comprise hinear or substantially linear strut elements as viewed in the two dimension plane view
of Figure 6A. In one erabodiment, the hinear strut elements 260 are aligned to form continuous and
substantially lincar rail segroents 270 that extend from the proximal end 220 of proximal end portion
214 to a proximal-most end of main body portion 216 {again, as viewed in the two dimension plane
view of Figure 6A) and preferably are of the same length, but may be of different lengths, When the
patiern of Figure 6A is applied to laser cotting a tubular structore, the resulting expandable member
configuration is that as shown in Figare 6B. As shown in Figure 6B, rail segments 270 are not in
fact linear bunt are of a curved and non-undulating shape.  This configuration advantageously
provides rail segmeunts 270 devoid of undulations thereby enhancing the rail segments” ability to
distribute forces and resist buckling when a push force is applied to them. In alternative preferred
embodiments, the angle 8 between the wire segment 240 and rail segments 270 ranges between
about 140 degrees to about 150 degrees. In one embodiment, one or both of the linear rail segments
270 have a width dimension W1 which is greater than the width dimension of the adjacent strut
scgments of cell structures 228 and 230, An enhanced width dimension W1 of one or both the linear
rail segments 270 further enhances the rail segments’ ability to distribute forces and resist buckling
when a push force is applied to them. In another implementation, one or both of the linear rail
scgments 270 are provided with an enhanced thickness dimension, rather than an enhanced width
dimension to achieve the same or similar resuit. [n yet an alternative implementation, both the width
and thickness dimensions of one or both of the lincar rail segments 270 are enhanced to achieve the
same or similar results. In yet another implementation, the width and/or thickness dimensions of
cach of the rail segments 270 differ in a manner that causes a more oven compression of the
proximal cnd portion 214 of the cxpandable momber 212 when it s loaded or retrieved nto a

delivery catheter or sheath (not shown).

100557 Figures 7A and 7B illustrate a vascular treatment device 300 in accordance with another
erabodiment of the present invention. Figure 7A depicts device 300 i a two-dimensional plane
view as if the device were cut and laid flat on a surface. Figure 7B depicts the device n its
manufactured and/or expanded tabular configuration. Device 300 inchides an expandable member

312 having a proximal end portion 314, a cylindrical main body portion 316 and a distal end portion
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318 with an elongate flexible wire 340 atiached to or otherwise coupled to the proximal end 320 of
the expandable member. The construction of device 300 is similar to deviee 200 described above in
comjunction with Figures 6A and 6B except that the proximal-most cell structure 330 comprises a
substantially diamond shape as viewed 1o the two-dirnensional plane of Figure 7A, The substantially
diamond-shaped cell structure inclodes a pair of ounter strut clements 358 and a pair of muer strut
clements 360, each having an enhanced width and/or enhanced thickness dimension as previously
discussed in coumjunction with the embodiments of Figures 4 and 6. In alternative preferved
embodiments, the imner strut clements 360 intersect the outer strut elements 358 at an angle B
between about 25.0 degrees to about 45.0 degrees as viewed in the two-dimensional plane view of
Figure 7A. Mamtaining the angular orientation between the inner and outer struts within in this
range enhances the pushabilty of the expandable member 312 without the occurrence of buckling
and withont substantially affecting the expandable wmember’s ability to assame a very small

compressed diameter during delivery,

[0056] In one embodiment, the inner strut elements 360 have a mass less than that of the outer strut
clements 358 that enables them to more easily bend as the expandable member 312 transitions from
an expanded state to a compressed state. This assists in achieving a very small compressed diameter.
In another embodiment, as shown in Figure 7C, the inner strut elements 360 are coupled to the outer
strut clements 358 by curved clements 361 that enable the inner strut clements 360 to more casily

flex when the expandable member 312 is compressed to its delivery position.

(00571 Figure & illustrates an alternative embodiment of a vascular treatment device 400, Device
400 has a similar construction to that of device 200 depicted in Figures 6A and 6B with the
exception that the expandable member 412 of device 400 15 connected at its proximal end portion
414 with two distally extending clongate flexible wires 440 and 441, As iHustrated, wire 440 is
attached to or otherwise coupled to the proximal-most end 420 of proximal end portion 414, while
wire 441 15 attached to or otherwise coupled to the distal-most end 422 of the proximal end portion
414 at the junction with rail segment 470, In vet another embodiment, an additional clongate
flexible wire (not shown} may be attached to the distal-most end 424, The use of two or more
elongate flexible wires 440 and 441 to provide pushing forces to the proximal end portion 414 of
clongate member 412 advantageously distributes the pushing force applied to the proximal end

portion 414 to more than one attachument point.
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[G058] Figure 10 illustrates a two-dimensional plane view of a vascular treatment device 500 in
another embodiment of the present invention. In the embodiment of Figure 10, cxpandable member
512 meludes a plurality of generally longitudinal undulating clements 524 with adjacent undulating
clements bemg out-of-phase with one another and connected in a manner to form a plurality of
diagonally disposed cell structures 526, The expandable member 512 includes a eylindrical portion
516 and a distal end portion S18 with the cell structures 526 1n the main body portion 516 extending
continwously and circumferentially around a longitudimal axis 530 of the expandable member 512,
The cell structures 526 in the distal end portion S18 extend less than circomferentially around the
longitudinal axis 330 of the expandable member 512, Attached to or otherwise coupled to cach of
the proximal-most cell structures 528 are proximally extending elongate flexible wires 540, The use
of muitiple clongate flexible wires 540 enables the pushing force applied to the proximal end of the
expandable member 512 to be more evenly distributed about its proximal circumference. In another
embodiment, although not shown in Figure 10, the proximal-most strut elements 528 have a width
and/or thickness greater than the struts in the other portions of the expandable member 512, Sucha
feature further contributes to the push force being evenly distributed about the circumference of the
expandable member 512 and also inhibits the strot clements directly receiving the push force from

buckling.

[6059] Figures T1A and 11B illustrate a vascular treatment device 600 in accordance with another
embodiment of the present invention. Figure 11A depicts device 600 in a two-dimensional plane
view as if the device were cut and laid flat on a surface. Figure 11B depicts the device in its
manufactured and/or expanded tubular configuration. In the embodiment of Figures 1A and 115,
expandable member 612 includes a plurality of generally longitudinal undulating clements 624 with
adjacent undulating clements being interconnected by a plurality of curved connectors 628 to form a
plurality of closed-cell structures 626 disposed about the length of the expandable member 612, In
the embodiment shown, the expandable member 612 includes a proximal end portion 614 and a
cylindrical portion 616 with the cell structurcs 626 in the cylindrical portion 616 cxtending
continuously and circumferentially around a longitudimal axis 630 of the expandable member 612,
The cell structures 626 in the proximal cnd portion 614 extend less than circumferentially around the
longitudinal axis 630 of the expandable member 612, To an alternative embodiment, the expandable
member 612 includes a proximal end portion, a cylindrical main body portion and a distal end
portion, much like the expandable member 12 depicted im Figures 1A and IB. In such an

embodiment, the cell structures 626 in the distal end portion of the expandable member would
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extend less than circumferentially around the longitudinal axis 630 of the expandable member 612 in
a manncr similar to the proximal end portion 614 shown in Figure 11A. Moreover, it is appreciated
that the expandable members of Figures 1A, 44, 6A, 7A, 7C, 10, 14, 15 and 19-24 may be modified
m a way so as to climunate the distal end portion (e.g., distal end portion 18 in Figure 1A} so that

there exasts only a proximal end portion and main body portion like that of Figure 1A,

[0060] Figure 12 dlustrates a vascular treatroent device 700 i accordance with another embodiment
of the present invention. Figure 12 depicts device 700 1 a two-dimensional plane view as if the
device were cut and laid flat on a surface, In the embodiment of Figure 12, expandable member 712
meludes a plovahty of generally longitudinal undulating elements 724 with adjacent undulating
elements being interconnected by a plurality of curved connectors 72€ to form a plurality of closed-
cell structures 726 disposed about the length of the expandable member 712, In the embodiment
shown, the expandable member 712 includes a cylindrical portion 716 and a distal end portion 718
with the cell structures 726 in the cylindrical portion 716 extending continunously and
circumferentially around a longitudinal axis 730 of the expandable member 712, The cell structures
726 n the distal end portion 718 extend less than circuamferentially around the longitudinal axis 730
of the cxpandable member 712, In a manner similar to that described in conjunction with the
embodiment of Figure 10, attached to or otherwise coupled to cach of the proximal-most cell
structures 728 are proximally extending clongate flexible wires 740. This arrangement enables the
pushing force applied to the proximal end of the expandable member 712 to be more evenly
distributed about its proximal circumference. In another embodiment, although not shown in Figure
12, the proximal-most strut clements 730 have a width and/or thickness greater than the struts in the
other portions of the expandable member 712, Such a feature further contributes to the push foree
being evenly distributed about the circumference of the expandable member 712 and also mhibits the

strut elements directly receiving the push force from buckling.

[0061] As previously discussed, in use, the cxpandable members of the present invention are
advanced through the tortuous vascular anatomy of a patient to a treatment site, such as an cmbolic
obstruction, in an unexpanded or compressed state of a first nominal diameter and are movable from
the unexpanded state to a radially expanded state of a second nomunal diameter greater than the first
nommal diameter for deployment at the treatment site. One manner of dehivering and deploying
expandable wember 912 at the site of an ernbolic obstruction 950 1s shown in Figares 13A through

13C. Asshown in Figure 13A, a delivery catheter 960 having an inner lomen 962 is advanced to the
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site of the embolic obstruction 950 so that its distal end 964 is positioned distal to the obstruction.
After the delivery catheter 960 is in position at the embolic obstruction 950, the retrieval device 900
is placed into the delivery catheter by introducing the expandable member 912 into a proximal end
of the delivery catheter (not shown) and then advancing the expandable member 912 through the
fumen 962 of the delivery catheter by applying a pushing force to clongate flexible wire 940, By the
use of radiopaque markings and/or coatings positioned on the dehivery catheter 960 and device 960,
the expandable member 912 is positioned at the distal end of the delivery catheter 960 as shown m
Figure 13B so that the main body portion 916 is longitadinally aligned with the obstruction 950,
Deployment of the expandable member 912 18 achieved by proximally withdrawing the delivery
catheter 960 while holding the expandable member 912 in a fixed position as shown in Figure 13C.
(ce the expandable member 912 has been deploved to an expanded position within the obstruction
950, the expandable member 912 is retracted, along with the delivery catheter 960, to a position
outside the patient. In one embodiment, the expandable member 912 is first partially retracted to
engage with the distal end 964 of the delivery catheter 960 prior to fully retracting the devices from

the patient.

[0062] In one embodiment, once the expandable member 912 15 expanded at the obstruction 950, it
is left to dwell there for a period of time in order fo create a perfusion channel through the
obstruction that causes the obstruction to be lysed by the resultant blood flow passing through the
obstruction. In such an embodiment, it iS not necessary that the expandable member 912 capture a
portion of the obstruction 950 for retrieval outside the patient. When a sufficient portion of the
obstruction 950 has been lysed to create a desired flow channel through the obstruction, or outright
removal of the obstruction is achieved by the resultant blood flow, the cxpandable member 912 may

be withdrawn into the delivery catheter 960 and subscquently removed from the patient.

[0063] In another embodiment, the expandable member 912 is expanded at the obstruction 950 and
icft to dwell there for a period of time in order to create a perfusion channcl through the obstruction
that causes the obstruction to be acted on by the resultant flow in a manner that makes the embolic
obstruction more casily capturable by the cxpandable member and/or to make it more casily
removable from the vessel wall of the patient. For example, the blood flow created through the
embolic obstruction may be made to tflow through the obstruction for a period of time sufficient to
change the morphology of the obstruction that makes it more casily captured by the expandable

member and/or makes it more casily detachable from the vessel wall. As in the preceding method,
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the creation of blood flow across the obstruction 950 also acts io preserve tissue. In one
embodiment, the blood flow through the obstruction may be used to lyse the obstruction. However,
in this modified method, lysing of the obstruction is performed for the purpose of preparing the
obstruction to be more easily captured by the expandable mamber 912, When the obstruction 950
has been properly prepared, for example by creating an obstruction 930 of a desired nominal inver
diameter, the expandable member 912 1s deployed from the distal end 964 of the delivery catheter
940 1o cause it to engage with the obstruction. Removal of all, or a portion, of the obstraction 950

from the patient is then carried out in a manner similar to that described above.

[0064] In vet another cibodiment, once the expandable member 912 has been delivered and
expanded inside the obstruction 950, it may be detached from the elongate wire 940 for permanent
placement within the patient. In such an embodiment, the manner in which the elongate wire 840 1s
attached to the expandable member 912 allows the two components to be detached from one another.
This may be achieved, for example, by the use of a mechanical interlock or an erodable electrolytic

janction between the expandable member 812 and the elongate wire 940,

[0065] As described herein, the expandable members of the various embodiments may or may not
include distal wire scgments that are attached to their distal ends. In alternative preferred
embodiments, vascular treatment devices that are configured to permanently place an expandable
member at the sitc of an embolic obstruction do not include distal wire scgments attached to the

distal ends of the expandable members.

[0066] One advantage associated with the cxpandable member cell patterns of the present invention
is that withdrawing the expandable members by the application of a pulling force on the proximal
clongate wire flexible wire urges the expandable members to assume a smaller expanded diameter
while being withdrawn from the patient, thus decreasing the likelihood of injury to the vessel wall
Also, during clot retrieval as the profile of the expandable members decrease, the cell structures
collapse and pinch down on the clot to increase clot retrieval efficacy. Another advantage is that the
cell patterns permit the expandable members to be retracted into the lumen of the delivery catheter
after they have been partially or fully deployed. As such, if at any given time 1t 18 determined that
the expandable member has been partially or fully deployed at an wmproper location, it may be

retracted into the distal end of the delivery catheter and repositioned to the correct location,
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(00671 With reference to Figure 14, a modified version of the vascular treatment device 200 of
Figure 6A is shown that includes thin strut clements 280 intersecting at least some of the cell
structures 226 located in the cylindrical main body portion 216 of cxpandable member 212, The thin
strut elements 280 are dimensioned to have a width of less than the strut clernents 282 that form the
cell structures 226, In alternative exemplary emboditaents, strut clements 280 have an as~cut or
polished width dimension that is between about 25% to about 50% smaller than the respective as-cut
or polished width dimension of struts 262, When used for the purpose of clot retrieval, a purpose of
the thin struts 280 1s to enhance the expandable member’s ability to engage with and capture an
erabolic obstruction. This s accomplished by virtue of several factors. First, the thinner width
dimensions of the struts 280 make it casier for the struts to penetrate the obstruction. Second, they
act to pinch portions of the entrapped obstruction against the outer and wider strut elements 282 as
the expandable member is deployed within the obstruction. Third, they may be used to locally
enhance radial forces acting on the obstruction. It is important to note that the use of thin strut
clements 280 1s not himited to use within cell structures 226 that reside within the cylindrical main
body portion 216 of the expandable member 212, They may be strategically positioned in any or all
of the cell structures of the expandable member. Morveover, it 1S important to note that the use of
thin strut elements 280 is not Limited to the embodiment of Figures 6, but are applicable to all the
various embodiments disclosed herein, Lastly, in alternative exemplary embodiments, as shown in
Figure 15, multiple thin strut clements 280 are provided within one or more of the cell stractures
226, and may also be used in conjunction with cell structures that have a single thin strut clement

and/or cell structures altogether devoid of thin strut elements,

[0068] In the treatment of ancurysms when the treatment device is used for the purpose of diverting
flow, the density of the cell structures 226 is sufficient to cffectively divert flow away from the
ancurysm sack. In alternative embodiments in lieu of, or in combination with adjusting the density
of the cell structures 226, mitcrmediate strut elements similar to the strut elements 280 of Figures 14
and 15 arc used to increase the effective wall surface of the expandable member. In these
erbodiments, the intermediate strut clements may have the same, smaller, larger, or any
combination thereof, dimensional characteristics of the cell structore struts.  Conversely, in
alternative embaodiments for use in the treatment of ancurysms for the purpose placing coils or other
fike structures within the sack of the ancurysm, the size of the cell structures 226 15 sufficient to

facilitate passage of the cotls through the cell structores.
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[0069] Figure 16 illustrates a treatment device according to the embodiment of Figures 6A and 6B,
wherein the pushability of the expandable member 212 during its advancement to the treatment site
of a patient 1s enhanced by the inclusion of an internal wire segment 241 that extends between the
proximal end 220 and distal end 222 of the expandable member 212, In this manner, the pushing
force applied by clongate wire 240 1s transmitted to both the proximal and distal ends of expandable
device. The mternal wire segment may be a discrete element that is attached to the proximal and
distal ends of the expandable member, or may preferably be a co-extension of the elongate flexible
wire 240. During delivery of the expandable member 212 to the treatment site in its compressed
state, the internal wire segment 241 assures a substantially straight or linear configoration so as to
adeqguately distribute at least a part of the pushing force to the distal end 222 of the expandable
member. When the expandable member 212 expands, it tends to foreshorten caunsing slack in the
internal wire segment 241 that forms a long-pitched helix within the expandable member as shown
i Figure 16, An additional advantage associated with the use the internal wire segment 241 is that
the formation of the internal helix upon cxpansion of the expandable member 212 assists in

capturing the embolic obstruction.

(60707 In an alternative embodiment, as shown in Figure 17, the pushability of the expandable

member 2172 during its advancement to the treatment site of a patient is enhanced by the inclusion of
an cxternal wire segment 243 that cxtend between the proximal end 220 and distal end 222 of the
expandable member 212, In this manner, the pushing force applied by the eclongate wire 240 is
transmitted to both the proximal and distal ends of the expandable device. The external wire
segment may be discrete clement that is attached to the proximal and distal ends of the cxpandable
member, or may preferably be a co-extension of the clongate flexible wire 240, During delivery of
the cxpandable member 212 to the treatment site in its compressed state, the external wire segment
243 assumes a substantially straight or lincar configuration so as to adequately distribute at lcast a
part of the pushing force to the distal end 222 of the cxpandable member. When the cxpandable
member 212 cxpands, it tends to forcshorten causing slack in the external wire segment 243 as
shown in Figure 17, An additional advantage associated with the use of the external wire segment
243 1s that it directly acts on the obstruction while the expandable member 212 is expanded to assist

in engaging and capturing the embolic obstruction,

(00717 In vet another embodiment, a distal emboli capture device 251 1s disposed on the distal wire

segraent 250, or otherwise attached to the distal end 222, of expandable member 212 as shown in
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Figure 18, The function of the distal emboli capture device 251 is to capture emboli that may be

dislodged from the embolic obstruction during the expansion of the expandable member 212 or

during its rermoval from the patient to prevent distal embolization. In Figure 18, the distal embolt

capture device 1s shown as a coil.  In aliernative ermbodiments, baskets, embolic filters or other
I

known emboli capture devices may be attached to the distal end 222 or distal wire segment 250 of

expandable member 12,

[0072] Again, as with the embodiments of Figures 14 and 15, it is important to note that the features
described in conjunction with Figures 16, 17 and 18 are not limited to the embodiment of Figures 6,

but are applicable to all the various embodiroents disclosed herein.

(00731 Figure 19 illustrates a bodily duct or vascular treatment device 1000 in accordance with
another embodiment of the present mvention. Figure 19 depicts device 1000 in a two-dimensional
plane view as if the device were cut and laid flat on a surface. Device 1000 includes an expandable
member 1312 having a proximal end portion 1024, a cylindrical main body portion 1026 and a distal
end portion 1028 with an elongate flexible wire 1014 attached to or otherwise coupled to the
proximal end 1020 of the expandable member. The construction of device 1000 1s similar to device
200 described above in conjunction with Figures 6A except that the cell structures 1018 and 1019 in
the proximal end portion 1024 are more closely symmetrically arranged than the cell structures in
the proximal end portion 214 of device 200, The more substantial symmetrical arrangement of the
cell structures in the proximal end portion 1024 of device 1000 facilitates the loading or retrieval of
the cxpandable member 1012 into a lumen of a delivery catheter or sheath (not shown) by causing
the proximal end portion 1024 to collapse more evenly during compression. The proximal wall
segments 1016 of cell structures 1018 and 1019 comprise lincar or substantially linear strut clements
as viewed in the two dimension plane view of Figure 19, In one cmbodiment, the lincar strut
elements 1016 are aligned to form continuous and substantially lincar rail scgments 1617 that extend
from the proximal end 1020 of proximal end portion 1024 to a proximal-most end of main body
portion 026 {again, as viewed in the two dimension plane view of Figure 19) and preferably are of
the same length. In alternative embodiments, the angle 8 between the wire segment 1014 and rail
segments 1017 ranges between about 140 degrees to about 150 degrees. In one embodiment, one or
both of the lincar rail segments 1317 have a width dimension W1 which is greater than the width
dimension of the adjacent strot segments of cell structures 1018 and/or 1019 and/or 1030, An

enhanced width dimension Wi of one or both the hinear vail segments 1017 further enhances the rad

42



WO 2012/106657 PCT/US2012/023858

segments” ability to distribute forces and resist buckling when a push force is applied to them, In
another implementation, one or both of the lincar rail segments 1017 are provided with an enhanced
thickness dimension, rather than an enhanced width dimension to achieve the same or similar result,
In yet an alternative implementation, both the width and thickness dimensions of one or both of the
Hinear rail segments 1017 are enhanced to achieve the same or similar results, In yet another

implementation, the width and/or thickness dimensions of cach of the rail segments 1017 differ in a
manner that canses a more even compression of the proximal end portion 1024 of the expandable

member 1612 when it is collapsed as it is loaded or retrieved into a delivery catheter or sheath,

(00741 Although the description that follows is directed to the embodiment of Figure 19, it is
mmportant to note that the provision of a slit as contemplated by the embodiments of Figures 20-22
are applicable to all the vascular treatment devices described herem, and their numerous

embodiments and modifications thereof.

(00751 Turming now to Figure 20, the treatment device 1000 of Figure 19 is depicted having a
longitndinal slit 1040 that extends from the proximal end 1020 to the distal end 1022 of the
expandable member 1012, The slit 1040 permits the cell structures 101§, 1019 and 1030 to move
relative to onc another in a manner that inhibits the individual strat clements 1032 of the expandable
member 1012 from buckling during compression of the expandable member 1012 as it is Ioaded or
retrieved mto a delivery catheter or sheath. In alternative embodiments, slit 1040 extends less than
the entire length of expandable member 1012 and is arranged to inhibit buckling of strategically
important strut clements that most affect the cxpandable member’s ability to be effectively Ipaded or
withdrawn into a delivery catheter or sheath, For example, in one embodiment, slit 1040 1s provided
only in the proximal end portion 1024 of the expandable member 1012 where the likelihood of
buckling or bending of struts 1032 is most likely to occur.  In another embodiment, slit 1040 is
provided i both the proximal end portion 1024 and the cylindrical main body portion 1026 of

expandable momber 1012,

[0076] Figure 21 illustrates the treatment deviee 1000 of Figure 19 having a diagonally
disposed/spiral slit 1050 that extends the entire circamference of the expandable wmember (012, In
one erobodiment, as Hlustrated in Figure 21, the spival sht 1050 oniginates at the distal position, or at
a point adjacent to the distal position, of the proximal end portion 1024 of expandable member 1012,

With respect to the embodiments having hinear rail segments, such as the linear rail segments 1017
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of Figure 19, the spiral slit 1050 originates at the distal position 1021 of onc of the lincar rail
segments 1017, or at a point distally adjacent to the distal position 1021, as shown in Figure 21,
Testing of the various vascular treatmoent devices described herein has shown that the occurrence of
buckling tends to occur at the strut elements located adjacent to the distal positions of the proximal
end portions of the expandable members. This phenomenon is exacerbated in the expandable
members having proximal end portions with linear rail segments. For this reason, and with reference
to Figure 21, the originating point of spiral slit 1650 1s located at or adjacent to a distal position 1021
of one of the hnear rail segments 1017, An advantage of the diagonally disposed and/or spiral sl
configuration of Figore 21 is that if originates where the buckiing tends to originate and further
mhibits buckling of strut elements 1032 along the length of the expandable merber 1012, As shown
i Figure 22, in alternative embodiments slit 1050 extends diagonally along only a portion of the
circumference of the cvlindnical main body portion 1026 of the expandable member 1012, In the
embodiment of Figure 22, slit 1050 originates at the distal position 1021 of lincar rail segment 1017,
In alternative embodiments, where buckling of individual strut elements 1032 originate at a point
other than at the distal point of the proximal end portion 1024 of the expandable member 1012, the
originating potnt of the slit 1050 is located at the origination pomnt of the bucking (absent the slit

1050 and extends in a longitndinal direction distally therefrom.

160777 Figure 23 illustrates a bodily duct or vascular treatment device 2000 in accordance with an
embodiment of the present invention. Figure 23 depicts device 2000 in a two-dimensional plane
view as if the device were cut and laid flat on a surface. Device 2000 includes a self-expandable
member 2012 that is attached or otherwise coupled to an clongate flexible wire 2040 that extends
proximally from the expandable member 2012, In one embodiument, the expandable member 2012 is
made of shape memory material, such as Nitinol, and is preferably laser cut from a tube. In one
embodiment, the cxpandable member 2012 has an integrally formed proximally extending wire
segment 2042 that is used to join the clongate flexible wire 2040 to the expandable member 2012,
In such an embodiment, flexible wire 2040 may be joined to wire segment 2042 by the usc of solder,
a weld, an adhesive, or other known attachment method. [n an aliernative embodiment, the distal
end of flexible wire 2040 13 attached directly to a proximal end 2020 of the cxpandable member

2012,

[0078] In the embodiment of Figure 23, expandable member 2012 includes a phurality of generally

longitudinal undulating clements 2024 with adjacent undulating elements being coupled to one
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another in a manner to form a plurality of circumferentially-aligned cell structures 2026, The
expandable member 2012 icludes a proximal ond portion 2013, a cylindrical mam body portion
2014 and a distal end portion 2015 with the cell structures 2026 in the main body portion 2014
extending continuously and circumferentially around a longitudinal axis 2032 of the expandable
member 2012, The cell structures m the proximal end portion 2013 and distal end portion 2015
extend less than circumaferentially around the longitudinal axis 2032 of the expandable member
2012, The proximal wall segments 2016 of cell structures 2027, 2028, 2029 and 2030 comprise
fincar or substantially lincar strut elements as viewed 1o the two dimension plane view of Figure 23.
In one embodiment, the hinear strut elements 2016 are aligned to form continuous and substantially
finear rail segments 2017 that extend from the proximal end 2020 of proximal end portion 2013 to a
proximal-most end of main body portion 2014 (again, as viewed in the two dimension plane view of
Figare 23) and preferably are of the same length. As described above in conjunction with Figures
6A and 6B, rail segments 2017 are not in fact linear but are of a curved and non-undulating shape.
This configuration advantageously provides rail segments 2017 devoid of undulations thereby
enhancing the rail segments” ability to distribute forees and resist buckling when a push force is
applied to them. In alternative preferred embodiments, the angle 8 between the wire segment 2042
or 2040, which ever the case may be, and rail segments 2017 ranges between about 140 degrees to
about 150 degrees. In one embodiment the linear rail scgments 2017 have a width dimension which
is greater than the width dimension of the adjacent strut segments of cell structures 2027 and/or 2028
and/or 2029 and/or 2030 and/or 2026, An enbanced width of the lincar rail segments 2017 further
enhances the rail segments” ability to distribute forces and resist buckling when a push force is
applied to the cxpandable member. In another implementation the linear rail segments 2017 are
provided with an enhanced thickness dimension, rather than an enhanced width dimension to achicve
the same or similar result.  In yet an alternative implemcentation, both the width and thickness

dimensions of the linear rail scgments 2017 arc enhanced to achieve the same or similar results,

100791 In onc cmbodiment, the width and/or thickness of the internal strut clements 2080 of
proximal-most cell structure 2027 is also enhanced so as to resist buckling of these elements while
the expandable member is being pushed through a sheath or delivery catheter.  In one exemplary
erbodiment, the “as-cut” nommnal widths of the enhanced strut elements 2016 and 2080 are about

0.0045 inches, while the “as-cut” nomunal width of the other strut elements are about §.003 mnches.
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(G080} Figures 24A and 248 illustrate a vascular treatment device 3000 of another embodiment of
the present imvention. Figure 24A depicts device 3000 in a two-dimensional plane view as if the
device were cut and laid flat on a surface. Figure 24B depicts the device in its manufactured and/or
expanded tubular configuration. The overall design of device 3000 is sitntlar to the design of device
2000 depicted and described above m reference to Figure 23, The primary difference between the
two designs lays in the length “L7 to width "W ratio of the cell structures 2026, 2027, 2028, 2029
and 2030, The length to width ratios of the cells structures of Figure 24 A are generally greater than
the length to width ratios of the respective cell structures of Figare 23, As illusirated, the lengths
“L” of the cell structures of the device of Figure 24A, in the “as-cat” configuration are generally
greater than the lengths of the respective cell structures of Figure 23, while the widths “W” of the
cell structares of the device of Figure 24A are generally smaller than the width of the respective cell
structures of Figure 23, As a result, the slope of the mdividual strut clements 2040 o the cell
structures of Figure 24A are generally smaller than the slopes of the respective strut elements in the
cell structures of Figure 23. By reducing the slope of the strut elements 2040 and leaving the other
dimensional and material characteristics constant, the effective radial force along the length of the
struts 2040 18 reduced. The effect of such a reduction is that the summation of axial force
components along Hnes A-A of the device of Figure 24 more closely matches the summation of the
radial force components along lines B-B as compared to the device of Figure 23, Through
experimentation, the inventors have discovered that an “as-cut” cell structure length to width ratio of
greater than about 2.0, and an “cxpanded” cell structure fength to width ratio of a greater than about
1.25, advantageously resulted in a longitudinal radial force distribution along the length of the
expandable member 2012 that enhanced the expandable member’s ability to be pushed through and

withdrawn into a lumen of a delivery catheter,

[0081] Figures 26, 27A and 278 illustrate an cxpandable member 5000 in another iraplementation.
Expandable member 5000 inchudes a plurality of generally longitudinal undulating elements 5024
with adjacent undulating clements being out-of-phasc with one another and connected in a manmer to
form a plurality of diagonally disposed ccll structures 5026 angularly disposed between about 40.0
to about 50.0 degrees with respect to one another. 1n one implementation, the cell structures are
diagonally displaced along about a 45.0 degree line. The expandable member 5000 includes a
proximal end portion 5014, a cylindrical main body portion 5016 and a distal end portion 5018 with
the cell structures 5026 1o the main body portion 3816 extending continnously and circumferentially

around a longitudinal axis of the expandable member 5000, The cell structores 5026 m the proximal
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end portion 5014 and distal end portion 3018 extend less than circumfcrentially around the
iongitudinal axis of the expandable member 5000, In one implementation, the expandable member
has an uncxpanded or crimped nominal diameter of about 1.0 millimeters and a designed maximum

implantable diameter of about 4.0 millireters,

[0082] In one embodiment, expandable member 5000 has an overall length dimension A of about
36.0 = 2.0 millimeters with the mamn body portion 5016 having a length P of about 19.0 £ 2.0
millimeters, In one tmplementation the strut width dimension N and thickness dimension O within
the main body portion 3016 are about 0.0021 = (.0004 inches and about 0.0032 £ 0.0005 inches,
respectively, while the strut width dimension L of the proximal rails 5030 15 about 8.0039 + 0.004

inches.

[0083] In use, expandable member 5000 1s advanced through the tortuous vascular anatomy or
bodily duct of a paticnt to a treatment site in an unexpanded or compressed state {(not shown} of a
first nominal diameter and is movable from the unexpanded state to a radially expanded state of a
second nominal diameter greater than the first nominal diameter for deployment at the treatment site.
In alternative exemplary embodiments the first nominal diameter (¢.g., average diameter of main
body portion 5016) ranges between about (.017 to about 0.03¢ inches, whercas the second nominal
diameter {c.g., average diameter of main body portion 5016) is between about 2.5 to about 5.0
nillimeters.  In one implementation, the dimensional and material characteristics of the cell
structures 5026 residing in the main body portion 5616 of the expandable material 5000 are selected
to produce sufficient radial force and contact interaction to cause the cell structures 5026 to engage
with an embolic obstruction residing in the vascular in a manner that permits partial or full removal
of the embolic obstruction from the patient. In other embodiments the dimensional and material
characteristics of the cell structures 5026 in the main body portion 5016 are selected to produce a
radial force per unit length of between about 0.005 N/mm to about 0,050 N/mum, preferable between
about 0.010 N/mm to about 0.050 N/mm, and more preferably between about 0,030 W/mm and about
0.050 N/mm. In one embodiment, the diameter of the main body portion 5016 in a designed fully
expanded implanted state is about 4.0 mullimeters with the cell pattern, strut dimensions and material
being selected to produce a radial force of between about 0.030 N/mm to about 0.050 N/mm when
the diameter of the main body portion is reduced to 1.5 milhimeters. In the same or alternative

erabodiment, the cell patiern, strut dimensions and matenial(s) are selected to produce a radial force
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of between about 0.010 N/mum to about 0.020 N/mm when the diameter of the main body portion is

reduced to 3.0 millimeters,

(00841 In one implementation, as shown i the graph of Figure 29, the cell structures are
constructed to have dimensional and material characteristics to create an overall radial force exerted
along the length of the expandable member 5000 of between about 130N and about 2.50N when the
expandable member S000 18 n the compressed or erimped state. About a ~1.5N {0 a about a -3.5N
overall reduction in radial force along the length of the expandable member per millimeter of
expansion occurs during about an mitial 0.50mm diametric range of expansion from the compressed
or ctimped state.  Subsequent to the about §.5mm diametric range of expansion, about a -0. 10N to
about a ~(1L.50N overall reduction in radial force along the length of the expandable member per
millimeter of expansion occurs untld a non-zero radial force vahie is achieved if and when the
designed maximum implanted diameter is achieved. Advantageously, the expandable member 5600
exerts a relatively high radial force during ifs mnutial expansion to enhance the likelihood that the
struts of expandable member engage an obstruction within the duct of a patient upon mitial
deployment of the device. In addition, the rate at which the radial force diminishes is initially much
greater during the inifial expansion of the device than during subsequent expansion. In the
exemplary embodiment depicted by Figure 29, the initial rate of reduction in the radial force during
about the first 0.5mm of expansion is about 20.0 to 30.0 times greater than the rate of reduction
during subsequent cxpansions. An advantage of this radial force charactenistic is that high radial
force values can be achieved during initial deplovment of the cxpandable member to enhance
integration of the struts of the expandable member inte the duct obstruction with a subsequent large
reduction in radial force afier the initial expansion, the large reduction facilitating or enhancing the
ability of the obstruction to be removed from the duct of the patient without complications and with
fimited adverse interactions with the duct {ec.g., less damage to the duct wall, cic.). Another
advantage of the radial force characteristics depicted in Figure 29 is that during subscquent
expansions, the rate of decrease in the over radial force along the length of the expandable member
decreases in a lincar-like fashion at a much reduced rate providing a level predictability of the radial
force being exerted at the different expandable member diameters. Also, advantageously, the radial
force exerted by the expandable member is designed to achieve a non-zero valoe when the

expandable raember 15 at a designed maximum implantable diameter,
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[G085] Figure 30 illustrates clot retrieval devices 6000 according to other implementations where,
among other features, the strut elements of rail segments 6001 and 6002 have varving width
dimensions. Figure 30 depicts a clot retrieval device in a two-dimensional plane view as if the
device were cut and laid flat on a sorface. Figure 30 depicts the device w ifs manufactured (as-cut)
configuration.  In one unplementation, rail segment 6001 transitions from a maximuom width
dimension at or near its proximal end 6014 to a munimum width dimension at or near ifs distal end
6015, Tn a like manner, rail segrment 6002 transitions from a maximuom width dimension at or near
its proximal end 6014 to a mmimum width diroension at or near its distal end 60616, As previously
discussed, the width dimensions of the rail segments are selected to enhance their ability to distribute
forces and to resist buckling when a push force is applied to the proximal end 6014 of the vascular
treatment device. In some implementations the percentage change between the maximum rail width
dimension and the minimum rail width dimension 1s between about 20.0% and about 50.0%. In
other implementations the percentage change between the maximom rail width dimension and the
minimun rail width dimension is between about 25.0% and about 45.0%. In other implementations
the percentage change between the maximum vail width dimension and the minimum rail width
dimension is between about 35.0% and about 45.0%. In an exemplary implementation the width
dimension of the rail segments transitions from a maximum width dimension of about 0.0047 +
0.0004 inches to a mimmum width dimension of about 0.0027 + 0.0004 inches. In another
exemplary implementation the width dimension of the rail scgments transitions from a maximum
width dimension of about 0.0047 + 0.0004 inches to a minimum width dimension of about 0.0035 =
0.0004 inches. In another cxemplary implementation the width dimension of the rail segments
transitions from a maximum width dimension of about 0.0047 + 0.0004 inches to a minimum width
dimension of about 0.0037 £+ 0.0004 inches. As discussed above, post-polishing of the devices
generally involve an etching process that typically results in a 40% to 50% reduction in the as-cut

cross-sectional dimensions.

[0086] Although Figure 30 represents rail segments devoid of undulations, as previously described
herein, it is appreciated that rail scgments such as those shown m Figures 1A and 4A are also
conteraplated, Moreover, it is appreciated that other than the rail width characteristics disclosed
above, any number of the features and/or characteristics of the vascular treatment devices previously
disclosed herein with respect to Figures 1 through 29 (e.g., dirnensional, spatial, relational, ¢tc.) may

be mceorporated nto a clot retrieval device 6000 according to Figure 30,
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(00871 In some implementations the width of rails 6001 and 6002 taper along their length (o1 a
portion thereof) in a substantial uniform and diminishing fashion, In some implementations discrete
portions of the rails have a substantially uniform width dimension with transitional tapers being used
to join rail portions of different widths, In some mplementations discrete portions of the rails have a
substantially uniform width dimension with stepped transitions between rail portions of different
widths. In other implementations two or more of the preceding width fransitional methods are
utitized. Although not required, it is preferable that the width transitions ocour at portions along the

rail struts other than at a junction of the struts (e.g., jJunctions 6030).

[0088] In some implementations, as previously described, struts 6012 and 6013 of the most
proximal cell structure 6018 also have an enbhanced width dimension that may be equal to or less
than the maximum rail width dimension for the purpose of enhancing the pushability of the clot
retrieval device as it is advanced through the tortwous anatomy of a patient In some
implementations less than the entire length of struts 6012 and 6013 are provided with an eshanced
width dimension. For example, in some implementations an enhanced width portion extends from a
proximal most end of struts 6012 and 6013 and terminates a distance prior to juncture 6026. The

configuration of struts 6012 and 6013 may also be altered in manners previously disclosed.

[0089] With continued reference to Figure 30, in exemplary implementations all or portions of struts
6003 and 6004 (and optionally all or the proximal portions of struts 6005 and 60{06) have width
dimensions between about 0.0045 inches and about (.0050 inches, all or portions of struts 6007 and
6008 (and optionally all or the distal portions of struts 6005 and 6006} have width dimensions
between about 0.0035 inches and sbout §.0036 inches, all or portions of struts 6009 and 6010 {(and
optionally ali or the distal portions of struts 6007 and 6008) have width dimensions between about
0.0027 inches and about 0.0035 inches, and with a substantial portion of the strut clements n the
rernaining portions of the device (portions A, B and C) having width dimensions between about
0.0027 mches and about 0.0034 inches. In one or more of the immediately preceding
implementations, the width dimension of struts 6012 and 6013 is between about 0.0033 inches and
about 0.0047 inches, and preferably between about 0.0033 inches and about 8.0040 inches. It is to
be appreciated that the dimensions disclosed thronghout this disclosure relate to exemplary
implementations and are also subject to customary manufacturing tolerances. Variations in the

dimensions are possible and contemplated.
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(009071 Although not required, it is preferable that the width transitions occur at portions along the

struts themselves other than at a junction of the struts {¢.g., junctions 6030 and 6032).

[0091] In one exerplary implementation struts 6003-6006 have a width dimension of about 0.0047
inches, struts 6007, 6008 and a proximal portion of strut 6010 have a width dimension of about
0.0036 inches, struts 6009, 6011 and a distal portion of strut 6010 have a width dumension of about
0.0035 1oches, struts 6012-6013 have a width duncosion of about 0.0036 inches, with all or a
sabstantial portion of the rematning strut elements of the treatment device having a width dimeunsion

of about 8.0027 inches,

[0092] Testing has shown the proximal taper region of the treatment devices of Figure 30 to possess
good force transmission characteristics along with good radial force characteristics that provide good
sheathing and re-sheathing of the proximal taper portion imto an introducer sheath and/or delivery

catheter,

(00931 In another exemplary implementation struts 6003-6006 have a width dimension of abount
0.0047 inches, struts 6007, 6008 and a proximal portion of strut 6010 have a width dimension of
about 0.0036 inches, struts 6009, 6011 and a distal portion of strut 6010 have a width dimension of
about (.00335 inches, struts 6012-6013 have a width dimension of about 0.0036 inches, the remaining
strut elements in section A of the clot retrieval device having a width dimension of about §.0033
inches and the remaining strut clements generally located in sections B and C of the clot retricval
device having a width dimension of about 0.0027 inches. The increased width dimension of the
struts in section A advantageously reduces the likelihood of struts buckling within the proximal taper

region of the clot retrieval device and also increasces the radial strength of the proximal taper region,

(6094} In another cxemplary implementation struts 6003-6006 have a width dimension of about
0.0047 inches, struts 6007, 6008 and a proximal portion of strut 6010 have a width dimeunsion of
about 0.0036 inches, struts 6009, 6011 and a distal portion of strut 6010 have a width dimension of
about 0.0035 inches, the remaining strut clements in section D of the treatment device having a
width dimension of about 8.0033 inches and the remaining strut elersents of sections B and C of the
treatment device having a width dimension of about 8.0027 inches. The imcreased width dimension

of the struts in section A advantageously reduces the likelithood of struts buckling within the
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proxumal taper region of the clot retrieval device during its delivery to a treatment site of a patient

and also increases the radial strength of the proximal taper region,

(00951 In another exemplary implementation struts 6003-6006 have a width dimension of about
0.0047 inches, struts 6007, 6008 and a proximal portion of strut 6010 bave a width dimension of
about 8.0036 mnches, struts 6009, 6011 and a distal portion of strut 6010 have a width dimension of
about 0.0035 mches, siruts 6012-6013 have a width dimension of about §.0036 inches, the strut
elements geverally located in section C of the clot retrieval device having a width dimension of
about 0.0033 inches, and the remamning strut elerents of sections A and B of the clot vetrieval device
having a width dimension of about 0.0027 inches. The increased width dimension of the struts in
section C advantageously reduces the likelihood of struts buckling within the distal taper region of
the clot retrieval device during its delivery to a treatment site of a patient. The increased width
dimension also increases the radial strength of the proximal taper region that enhances the ability of
the distal taper region to remain open while the clot retrieval device is withdrawn from a patient.
This feature is particularly advantageous when the clot retrieval device is used for clot removal
that it enables the distal taper section fo remain open and sweep away remaimng portions of the clot

when the clot retrieval device is being withdrawn from the patient.

[6096] According to some implementations the clot retricval devices 6000 according to Figure 30
are iaser cut from a tube having an inner diameter of about 2.667 millimeters and a wall thickness of
between about 0.102 millimeters to about 0,126 millimeters, In nse, a clot retrieval device 6000
according to an implementation of that shown in Figure 30 is advanced through the tortuous vascular
anatomy or bodily duct of a patient o a treatment site in an unexpanded or compressed state of a
first nominal diameter and is movable from the unexpanded state to a radially cxpanded state of a
second nominal diameter greater than the first nominal diameter for deployment at the treatment site,
In alternative exemplary embodiments the second nominal diameter (e.g., average diameter of main
body portion) is about 4.0 + 0.5 millimeters. In some implementation, the dimensional and material
characteristics of the cell structures 6020 generally residing in the main body {(section B) of the
expandable material are sclected to produce sufficient radial force and countact interaction to cause
the cell structures 6020 to engage with an embolic obstruction/clot residing in the vascular in a

manner that permits partial or full removal of the embolic obstruction from the patient.
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(00971 In some 1implementations the dimensional and material characteristics of the elements along
the expandabic length of the retrieval device are selected to produce a radial force per unit length of
between about 0.030 N/nun to about 0.055 N/mm when the outer diameter of the retrieval device is
restrained to 1.5 millimeters. In some implementations the dimensional and material characteristics
of the elements along the expandable length are selected to produce a radial force per unit length of
between about 0.035 N/mm fo about 8.050 N/vun when the outer diameter of the retrieval device s
restrained to 1.5 millimeters, In some implementations the dimensional and matenial characteristics
of the clernents along the expandable length are selected to produce a radial force per unit length of
between about 0.037 N/nuw o about 0.049 N/mm when the outer diameter of the retrieval device is
restrained to 1.5 millimeters, Among the same or alicrnative implementations, the dimensional and
material characteristics of the elements along the cxpandable length of the retrieval device are
selected to produce a radial force of between about 0.010 N/mm to about 0.020 N/mm when the

nominal diameter of the main body portion is about 3.0 £ 0.5 millimeters.

[0098] In the implementations of Figure 30, many of the cell structures (excluding those that are
formed at least in part by rail segments 6001 and 60602) are shown having similar shapes with most
of the cell structure including a pair of short struts 6022 and a pair of long struts 6023, According to
some implementations the arca of the cells are about 4.00 + 0.5 mm’. In an exemplary
implementation the cell arcas are about 4.2 mm”. In exemplary implementations, short struts 6022
have a fength of between about 0.080 and about 0.100 inches, long struts 6023 have a length of
between about 0.130 and about 0.140 inches to produce a staggered cell arrangement about the
circumference of the treatment device. In some implementations the overall length of the
expandable portion of the clot retrieval device s between about 35.0 to about 45.0 millimeters with
the main body portion (scction B) having a length of about 20.0 to about 25.0 millimeters. In one
exemplary embodiment the overall fength of the expandable portion of the clot retrieval device is
about 42.7 millimeters with the main body portion (scction B) having a length of sbout 21.7
millimeters and the proxiumal and distal taper regions having a length of about 12.4 millimeters and

about 8.6 millimeters, respectively.

(00997 Figure 31 illustrates clot retrieval devices 6030 according to other implementations where,
among other features, the strut elements of rail segments 60531 and 6052 have varying width
dimensions. Clot retrieval device 6050 15 particalarly adapted for the treatment of small diameter

vessels/duct. In ove implementation, as shown in Figure 31, the circumference of the mam body
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portion {scction A) comprises three cell structures 6080, but is not limited to such a construction.
Figure 31 depicts the clot retricval treatment device 6050 in a two-dimensional plane view as if the
device were cut and laid flat on a surface. Figure 31 depicts the device in its manufactured (as-cut)
configuration. In one implerentation, rail segment 6051 transitions from a maximurn width
dimension at or near its proximal end 6033 {0 a minimum width dimension at or near its distal end
6054. In a like manner, rail segment 6052 transitions from a maxiroum width dimension at or near
its proximal end 6033 to a munimuom width dimension at or near ifs distal end 6055, As previously
discussed, the width dimensions of the rail segments are selected to enhance their ability to distribute
forces and to resist buckling when a push force is applied to the proximal end 6053 of the vascular
treatment device. In some implementations the percentage change between the maximur rail width
dimension and the minimum rail width dimension is between about 20.0% and about 30.0%, and
preferably between about 20% and about 25%. In an exemplary implementation the width
dimension of the rail segments transitions from a maximum width dimension of about .0047 +

0.0004 imches to a mindmum width dimension of about 0.0036 + 0.0004 inches.

(01007 Although Figure 31 represents rail segments 6051 and 6052 that are devoid of undulations,,
as previously described herein, it i3 appreciated that rail segments such as those shown in Figures 1A
and 4A arc alse contemplated. Morcover, it is appreciated that other than the rail width
characteristics disclosed above, any mumber of the features and/or characteristics of the treatment
devices previously described herein with respect to Figures 1 through 29 {(c.g., dimensional, spatial,

b~

relational, etc.) may be incorporated into a clot retrieval device 6050 according to Figure 31,

[01601] In some implementations the width of rail 6051 and 6052 taper along their length (or a
portion thereof) in a substantial uniform and diminishing fashion. In some tmplementations discrete
portions of the rails have a substantially uniform width dimension with only transitional tapers being
used to join rail portions of different widths. In some implementations discrete portions of the rails
have a substantially uniform width dimension with stepped transitions between rail portions of
differcnt widths. In other implementations two or more of the preceding width transitional methods
are utilized. Although not required, 1t is preferable that the width transitions occur at portions along

the rail struts other than strut junctions {e.g., junctions 6064).

[0102] In some yuplementations struts 6056 and 6057 of the most proximal cell structure also have

enhanced width dimensions that may be equal to or less than the maximurg rail width dimension for
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the purpose of enhancing the pushability of the clot retrieval device as it 15 advanced through the
tortuous anatomy of a patient. In some implementations less than the entire length of struts 6056 and
6057 are provided with an cnhanced width dimension. For example, in some implementations an
enhanced width portion extends from a proximal most end of struts 6056 and 6057 and terminates a
distance prior to juncture 6058, Moreover, the configuration of struts 6056 and 6057 may also be

altered 1o manners previously disclosed.

[0103] With continued reference to Figure 31, in exemplary implementations rail portions 6060 and
6061 have width dimensions of about 0.0047 and rail portions 6062 and 6063 have width dimensions
of about 0.0036 mches, with a substantial portion of the strut elements in the remaming portions of
the device 6050 having a width dimension of about 0.0027 inches. In other exemplary
implementations rail portions 6060 and 6061 have width dimensions of about 0.0047 and rai
portions 6062 and 6063 have width dimensions of about 0.0036 inches, with the struts in a distal
portion 6070 of device (illustrated with dashed lines) having a width dimension of about 0.0023
inches and a majority of the remaining struts having a width dimension of about 6.0027 inches. The
reduced width dimension of distal portion 6070 produces a region of lower radial strength that in
smaller vessels or ducts minimizes surface interactions between the distal portion 6070 and the
vessel/duct to prevent or minimize the occurrence of damage to the vessel/duct wall while the clot

retrieval deviee is proximally withdrawn from a patient.

[0104] Testing has shown the proximal taper region of the clot retrieval devices 6050 to possess
good force transmission characteristics along with good radial force characteristics that provide good
sheathing and re-sheathing of the proximal taper portion into an introducer sheath and/or delivery

catheter,

[0105] According to some implementations the clot retrieval devices 6050 according to Figure 31
are laser cut from a tube having an inner diaracter of about 2,130 millimcters and a wall thickness of
between about 0.104 millimeters to about 0,128 millimeters. In use, a clot retrieval device 6050
according to an implementation of that shown in Figure 31 1s advanced through the tortuous vascular
anatomy or bodily duct of a patient to a treatment site 1o an unexpanded or compressed state of a
first nominal diameter and is movable from the unexpanded state to a radially expanded state of a
second nominal diameter greater than the first nomunal diameter for deployment at the treatinent site.

In alternative exemplary embodiments the second nominal diameter (e.g., average diameter of main

L
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body portion) is about 3.0 + 0.5 nullimeters. In some implementation, the dimensional and material
characteristics of the cell structures 6080 residing in the main body portion (section A) are sclected
to produce sufficient radial force and contact interaction to cause the cell structures 6080 to engage
with an embolic obstruction residing m the vascular in a manner that permits partial or full removal

of the embolic obstruction from the patient,

[0106] In some tmplementations the dimmensional and material charactenistics of the elements along
the expandable length of the retrieval device are selected to produce a radial force per unit length of
between about 0.615 N/nuw o about 0.035 N/Anm when the outer diameter of the retrieval device is
restrained to 1.5 millimeters. In some implementations the dimensional and material characteristics
of the elements along the expandable length are selected to produce a radial force per unit length of
between about 0.017 N/mm to about 0.033 N/mm when the outer diameter of the retrieval device s
restrained to 1.5 mullimeters. Among the same or alternative implementations, the dimensional and
material characteristics of the elements along the expandable length of the retrieval device are
selected to produce a radial force of between about 0.010 N/mm to about 8.620 N/mm when the

nominal diameter of the main body portion is about 2.0 + .5 millimeters.

(01071 In the implementations of Figure 31, many of the cell structures (excluding those that are
formed at least in part by rail segments 6051 and 6052) are shown having similar shapes with most
of the cell structure inchiding a pair of short struts 6081 and a pair of long struts 6082 that are joined
by connector regions 6083, In exemplary implementations {as shown in Figures 32A-(), short struts
6081 have a lincar length, L, of about 0.055 =+ 0.010 inches, long struts 6082 have a lincar length,
L3, of about 0.128 + 0.010 inches and connector regions 6083 have a linear length, L, of about
0.0371 £ 0.010 inches. In onc or more implementations the cell structures 6080 have an arca of
about 4.5 num” to about 5.5 mm’. In one excmplary implementation the cell structures 6080 have an
area of about 5.0 mm’. In cxemplary implementations the overall length of the expandable portion
of the clot retrieval device is between about 25.0 millimeters and about 35.0 millimeters with the
main body portion {section A) having a length of between about 10.0 millimeters and about 15.0
millimeters. In one exemplary implementation the overall length of the expandable portion of the
clot retrieval device is about 30.7 mullimeters with the main body portion (section A} having a length
of about 13.1 millimeters and the proximal and distal taper regions having a length of about 10.9

mithimeters and about 6.7 mullimeters, respectively.

L
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[0108] Turmning now to Figure 33A, an alternative implementation to the clot retrieval devices
described above in conjunction with Figure 30 15 depicted.  Figures 33B and 33C illustrate
exemplary three-dimensional top and side views of the clot retrieval devices 7000 of Figure 33A.
Sections of the treatment device 7000 that are generally identified as regions E and G are in many
respects similar, and m some mstances the same, to the sare general regions of the clot retrieval
devices 6000 described above. As an example, the width dimension of the strats generally located in
region G may in different implementations take different vahies to establish any of a varety of
desived distal taper characteristics as disclosed above. In addition, region E may assume any of a
variety of implementations as previously disclosed above in conjunction with the retrieval devices of
Figure 30. As shown in Figore 33A, the sizes of the cell structures 7002 generally located i a
central region F of the device 7000 are larger than those in the implemeuntations of devices 6600
described above. An advantage of the decreased strut density in the central region F of device 7000
is that it enhances the integration of an embolic obstruction/clot within region F of the device. In the
treatment devices 7000 of Figures 33, the larger cell structures are created by the omussion of
selected long struts 6022 in the device 6000 of Figure 30 to create cell structures 7002 having areas
that are about double the size of cells 7024, In one implementation, cell structares 7020 have an area
of between about &0 mm’ and about 8.5 mm®. [n one exemplary implementation cell structures
7020 have an area of about 8.3 mm”. It is important to note that any of a number of other methods
may be used to create the larger cell structures. A particular advantage of the implementations of
Figures 33 is that good strut nesting characteristics are preserved to facilitate a low profile delivery

state of the device 7000,

[0109] A decrease in the strut density in a region generally results in a lower radial strength within
the region. In a clot retrieval device this reduction can adversely affect the device's ability to
mtegrate with an embolic obstruction/clot. To compensate for this reduction in radial strength, in
some implementations selective strut portions 7006 (denoted by dashed lines) generally located
within region F of the retrieval devices are provided with a width dimension greater than the width
dimension of strut portions 7004 (denoted by solid lines). In accordance with some implementations
the width dimensions of strut portions 7006 arc sclected so that the over-all radial strength per unit
length of expandable portion of the retrieval device is similar to that absent the removal of struts to
create the larger sized cell structures. As an example, in the implementations described above where
decreased strut density is achieved by the omission of certain long struts 6022 in a device of Figure

30, the width of struts 7006 are selected so that the over-all radial strength per unit length of the
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expandable portion of the retricval device is similar to that of devices 6000 described above. For
example, in some implementations strut portions 7004 have a width dimension of about 0.0027
inches with strut portions 7006 having a width dimension of about 0.0035 inches so that the over-all
radial strength per unit length of the expandable portion 18 similar to the same area of the retrieval

devices 6000 baving mostly unitary cell sizes and strut width dimnensions of about 8.0027 inches.

(01107 Although not required, as iHustrated in Figure 33 A, the transition of strut widths preferably
ocenr at locations (denoted by X7} other than junctions 7008.  Although not required, the width
iransitions preferably comprise fapers that provide a relatively smooth transition between the

different widih dimensions.

(01117 Swrut portions of enhanced width 7006 are one method of creating a desired over-all radial
strength per unit length, Other methods are alse available. For example, strut portions 7006 may
instead have an enhanced thickness dimension over strut portions 7004, or may have a combination
of enhanced thickness and width dimensions. In other implementations the width dimension of a
majority, substantially all or all of the struts generally located in section F are enhanced to

compensate for the reduction in strut density.

(01127 With refercnce to Figure 34A, alternative implementations to the clot retrieval devices
described above in conjunction with Figure 30 are depicted.  Figures 34B and 34C illustrate
exemplary three-dimensional top and side views of the clot retrieval devices 7020 of Figure 34A.
Sections of the treatment device 7020 that are generally identified as regions E and G are in many
respects similar, and in some instances the same, to the same general regions of the clot retrieval
devices 6000 described above. As an exarple, the width dimension of the struts in region G may, in
different implementations, take different valucs to establish any of a varicty of desired distal taper
characteristics as disclosed above. In addition, region E may assume any of a variety of
mmplementations as previously disclosed above in conjunction with the retrieval devices of Figure
30. Asshown in Figure 34A, the sizes of some of the cell structures 7022 in a central region J of the
device 7020 are larger than those in the implementations of devices 6000 described above to provide
circumferentially extending zones of decreased strut demsity that are generally separated by
circurnferentially extending rows of non-enlarged cell stroctures 7024, In the treatioent devices
7020 of Figures 34, the larger cell structures are created by the omussion of selected long struts 6022

m the device 6000 of Figure 30 to create cell structures 7022 having areas of about double in size.
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In one implementation cell structures 7022 have an area of about 8.3 mm”. It is important to note
that any of a number of other methods may be used to create the larger ccll structures. A particular
advantage of the implementations of Figures 34 1s that good strut nesting characteristics are

preserved to facilitate a low profile delivery state of the device 7020,

[0113] As discussed above, a decrease in the strut density 1o a region generally results in a lower
radial strength within the region. In a clot retrieval device this reduction can adversely atffect the
device’s ability to integrate with an embolic obstruction/clot. To cornpensate for this reduction in
radial strength, selective strut portions 7026 (denoted by dashed lines) generally located within
region § of the retrieval devices are provided with a width dimension greater than the width
dimension of strut portions 7025 (dencoted by solid lines). In accordance with some implementations
the width dimensions of strut portions 7026 are sclected so that the over-all radial strength per unit
length of the expandable portion of the retrieval device is similar to that absent the removal of struts
to create the larger sized cell structures. As an example, in the implementations described above
where decreased strut density is achieved by the omission of certain long struts 6022 in a device of
Figare 30, the width of struts 7026 are sclected so that the over-all radial strength per unit length of
the expandable portion of the retrieval device s similar to that of devices 6000 described above. For
example, in some implementations strut portions 7025 have a width dimension of about 0.0027
inches with strut portions 7026 having a width dimension of about 0.0035 inches so that the over-all
radial strength per unit length of the expandable portion of the retricval device is similar to the same
arca of the retricval devices 6000 having mostly unitary cell sizes and strut width dimensions of
about 0.0027 inches. In some implementation the width of the struts 7029 have a width dimension
of between 0.0031 inches and about 0.0033 inches similar to those previously discussed above with

respect to some implementations of device 6000,

[0114] In some implementations, as illustrated in Figure 34A, the transition of some or all of the
strut widths occur at locations other than junctions 7028, while in other implementations the
transition of some or all of the strut widths occur at locations other than junctions 7028, Although
not required, the width transitions preferably comprise tapers that provide a relatively smooth

fransition between the different width dirnensions.

(01157 Strut portions of enhanced width 7026 are one method of creating in region J a desired over-

all radial strength. Other methods are also available. For example, strut portions 7026 may instead
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have an cnhanced thickness dimension over strut portions 7025, or may have a combination of

enhanced thickness and width dimensions.

[0116] With reference to Figure 35A, an aliernative implementation to the clot retrieval devices
described above 1o compunction with Figure 30 s depicted.  Figures 35B and 35C illostrate
exemplary three-dimensional top and side views of the clot retrieval devices 7050 of Figure 35A.
Sections of the treatment device 7050 that are generally identified as regions E and G are in many
respects similar, and in some instances the same, to the same general regions of the clot retrieval
devices 6000 described above. As an example, the width diraension of the struts generally located m
region G may i different implementations take different values to establish any of a variety of
desired distal taper characteristics as disclosed above. In addition, region E may assume any of a
variety of implementations as previously disclosed above in conjunction with the retrieval devices of
Figure 30. As shown in Figure 354, the sizes of some of the cell structures 7052 in a central region
K of the device 7050 are larger than those i the implementations of devices 6000 described above
to provide zones of decreased strut density that are dispersed among non-enlarged cell structures
7054, In the treatment devices 7050 of Figures 35, the larger cell structures are created by the
omission of selected long struts 6022 in the device 6000 of Figure 30 to create cell structures 7052
having arcas of about double the size of cclls 7054. In one implementation the arca of cell structures
7052 is about 8.3 mun’. It is important to note that any of a number of other methods may be used to
create the larger cell structures. A particular advantage of the implementations of Figures 35 is that
good strut nesting characteristics are preserved to facilitate a low profile delivery state of the device

7050,

(01177 As discussed above, a decrease in the strut density in a region generally results in a lower
radial strength within the region. In a clot retrieval device this reduction can adversely affect the
device's ability to integrate with an embolic obstruction/clot. To compensate for this reduction in
radial strength, sclective strut portions 7056 (denoted by dashed lines) generally located within
region K of the retrieval devices arc provided with a width dimension greater than the width
dimension of strut portions 7055 (denoted by solid lines). In accordance with some implementations
the width dimensions of strut portions 7036 are selected so that the over-all radial strength per unit
iength of the expandable portion of the retrieval device is similar to that absent the removal of struts
to create the larger sized cell structures, As an example, in the implementations described above

where decreased strut density 18 achieved by the omission of certain long struts 6022 v a device of
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Figure 30, the width of struts 7056 are selected so that the over-all radial strength per unit length of
the expandable portion of the retricval device is similar to that of devices 6000 described above, For
example, in some implementations sirut portions 7055 have a width dimension of about 0.0027
mches with strut portions 7056 having a width dimension of about 0.0035 inches 50 that the over-all
radial strength per unit length of the expandable portion of the retrieval device 18 similar o the same
area of the retrieval devices 6000 having mostly unitary cell sizes and strut width dimensions of
about .0027 mches. To some implementations the width of the strats 7059 have a width dimension
of between (.0031 inches and about 0.0033 inches similar to those previously discussed above with

respect to some implementations of device 6000,

[0118] Although not reguired, as iHuastrated in Figure 35A, the transition of strut widths preferably
oceur at focations other than junctions 7058, Although not required, the width transitions preferably

comprise tapers that provide a relatively smooth transition between the different width dimensions.

[0119] Strut portions of enhanced width 7056 are one method of creating a desired over-all radial
strength per unit length. Other methods are also available. For example, strut portions 7056 may
mstead have an enhanced thickness dimension over strut portions 7055, or may have a combination

of enhanced thickness and width dimensions.

(012071 Figure 36 illustrates clot retrieval devices 6090 similar to those of Figure 30, with a
difference in the size of the cell structures 6091generally located in region B of the device. As
dhastrated in Figure 36, cell structures 6091 arc of a greater size than the cell structures 6020 of the
device shown in Figure 30. As previously discussed, an advantage of larger sized ccll structures
within the main body portion of the retrieval device is that it enhances clot mtegration into the main
body portion when a radial strength of the main body portion s properly provided. For the purpose
of providing sufficicnt radial strength in region B of the device 6090, the struts 6092 (denoted by
dashed lines) generally located within region B have an enhanced width dimension, which in one
implementation is about 0.0035 inches. In one implementation the width dimension of the struts
6092 gencrally located in region B arc similar to or the same as the width dimension of the distal
sections of rail segments 6001 and/or 6002 (e.g., having the same or similar width dimension of one
or more of strots 6009, 6010 and 601 1). Alhough not required, the transttion in width dimensions

preferably ocour at focations other thao at junctions 60435, as llustrated in Figure 36.
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(01217 Figure 37 illustrates clot retrieval devices 8000 according to other implementations where,
among other features, the strut eloements of rail segments 8001 and 8002 have varving width
dimensions. Figure 37 depicts a clot retrieval device in a two-dimensional plane view as if the
device were cut and laid flat on a surface. Figure 37 depicts the device in iis manufactured {as-cut)
configuration.  In one unplementation, rail segment 8001 transitions from a maximuom width
dimension at or near its proximal end 8014 to a nmunimum width dimension at or near ifs distal end
8015, In a hike manner, rail segroent 8002 transitions from a maximom width dimension at or near
its proximal end 8014 to a mmimum width diroension at or near its distal end 8616, As previously
discussed, the width dimensions of the rail segments are selected to enhance their ability to distribute
forces and to resist buckling when a push force is apphied to the proximal end 8014 of the clot
retrieval device. In some implementations the percentage change between the maximum rail width
dimension and the minimum rail width dimension is between about 20.0% and about 35.0%. In other
mmplementations the percentage change between the maximum rail width dimension and the
minimum rail width dimension s between about 25.0% and about 30.0%. In an exemplary
mmplementation the width dimension of the rail segments transitions from a maximum width
dimension of about 0.0047 + 0.0004 inches to a minimum width dimension of about 0.0027 + 0.0004
inches. In another exemplary implementation the width dimension of the rail segments transitions
from a maximum width dimension of about 0.0047 + 0.0004 inches to a mimimum width dimension

of about 0.0034 + 0.0004 mches.

(01221 Although Figure 37 represents rail segments that are devoid of undulations, as previously
described herein, it is appreciated that rail segments such as those shown in Figures TA and 4A are
also contemplated. Like the devices of Figure 30 disclosed above, it is appreciated that other than
the rail width characteristics disclosed in the preceding paragraph, any of a numaber of the features
and/or characteristics of the vascular treatment devices described in conjunction with the devices of
Figures 1-29 (c.g.. dimensional, spatial, relational, ctc.) may be incorporated into a clot retrieval

device 8000 according to Figure 37,

[0123] In some implementations the width of rails 8301 and 8002 taper along thew length (or a
portion thereof) in a substantial uniform and dimumshing fashion. In some implementations discrete
portions of the rails have a substantially uniform width dimension with only transitional tapers being
used to join rail portions of different widths., Tn some implerentations discrete portions of the rails

have a substantially aniform width dimension with stepped transitions between rail portions of
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differcnt widths. In other implementations two or more of the preceding width transitional methods
are utihized. Although not required, 1t is preferable that the width transitions occur at portions along

the rail struts other than at a junction of the struts {e.g., junctions 8030).

(01241 In some implementations, as previously described, struts 8012 and 8013 of the most
proximal cell structure 8018 also have an enhanced width dimension that may be equal to or less
than the maximum rail width dimension for the purpose of enhancing the pushability of the clot
retrieval device as it is advanced through the tortuous anatomy of a patient. In some
imaplementations less than the entive length of struts 8012 and 8013 are provided with an enhanced
width dimension. For example, in some implementations an evhanced width portion exiends from a
proximal most end of struts 8012 and 8013 and terminates a distance prior to thewr junctare. The

configuration of struts 8012 and 8013 may also be altered in manners previously disclosed.

(01251 With contimued reference to Figure 37, in exemplary implementations all or portions of struts
&003 and 8004 (and optionally all or portions of struts 8005 and &006) have width dimensions of
about 0.0045 inches to about 0.0050 inches, all or portions of struts 8007 and 8008 (and optionally
all or portions of struts 8005 and 8006) have width dimensions of about (.0036 inches to about
$.0040 inches, all or portions of struts 8009 and 8010 {and optionally all or portions of struts 8007
and 2008) have width dimensions of about 0.0034 inches to about 0.0036 inches. In some
implementations the remainder of the struts generally located in region M of the device have width
dimensions of about 0.0027 inches, the struts in region N have width dimensions of about 0.0034
inches to about 0.0036 inches, and the struts generally located in region O have a width dimension of
about 0.0031 inches to about 0.033 inches. In one or more of the immediately preceding
implementations, the width dimension of struts 8012 and 8013 is between about 0.0036 inches and
about 0.0047 inches. It is to be appreciated that the dimensions disclosed relate to exemplary
implementations and arc also subject to customary manufacturing tolerances.  Variations in the

dimensions arc also possible and contemplated.

$126] Although not reguired, it 15 preferable that the width transitions occur at portions along the
. g ¥ p I g

struts themselves other than at a junction of the struts (e.g., junctions 8030 and 8032).

01277 As dlustrated in Figure 37, the strut density m the region generally dentified by “N” is
g 5 3 g g ¥ 3

notably less than the struf densities in the regions generally identified by “M” and “0”. As a
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consequence, the cell structures 8020 generally located in region N are of a larger size than the cell
structures 8021 generally located in regions N and O. As previcously discussed, an advantage of
larger sized cell structures within the main body portion of the retricval device is that it enhances
clot integration into the main body portion {(region N) when a radial strength of the main body
portion is properly provided. For the purpose of providing sufficient radial strength in region N of
the device, the struts within region have an enhanced width dirnension as compared to the cell struts
generally residing m region M (other than the struts 8303-8013) and the cell struts generally residing
m region O, In one implementation the width dimension of the struts in region N are sinular to or
the same as the width dimension of the distal struts 8009, 8010 and/or 8011 of rail segments 8001

and/or 8007,

(01281 In an exemplary implementation struts 8003-8006 have a width dimension of about 0.0047
inches, struts 8G07, RO0K, and a proximal portion of strut 8010 have a width dimension of about
0.0040 inches, struts 8609, 8011 and a distal portion of strut 8010 have a width dimension of about
0.0034 inches, struts 8012-8013 have a width dimension of about 0.6040 inches. In some
implementations the remainder of the struts in region M of the device have width dimensions of
about 0.0027 inches, the strots in region N have width dimensions of about 0.0034 inches, and the
struts in region O have a width dimension of about 8.0031 inches. The increased width dimension of
the struts in section O advantageously reduces the likelihood of struts buckling within the distal taper
region of the clot retrieval device during its delivery to a treatment site of a patient.  The increased
width dimension also increases the radial strength of the distal taper region that enhances the ability
of the distal taper region to romain open while the clot retrieval device is withdrawn from a patient
so that it may sweep away remaining portions of the clot when the clot retrieval device is being

withdrawn from the patient,

(01297 According to some implementations the clot retrieval devices 8000 according to Figure 37
are laser cut from a tube having an inner diameter of about 3.77 millimeters and a wall thickness of
between about 0.097 millimeters to about 0,131 millimeters. In use, a clot retrieval device K000
according to an implementation of that shown in Figure 37 1s advanced through the tortuous vascular
anatomy or bodily duct of a patient to a treatment site 1o an unexpanded or compressed state of a
first nominal diameter and is movable from the unexpanded state to a radially expanded state of a
second nominal diameter greater than the first nomunal diameter for deployment at the treatinent site.

In alternative exemplary embodiments the second nominal diameter (e.g., average diameter of main
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body portion) is about 3.5 + 0.5 nullimeters. In some implementation, the dimensional and material
characteristics of the cell structures 8020 residing in the main body (section N) are selected to
produce sufficient radial force and contact interaction to caunsce the cell structures 8020 to engage
with an embolic obstruction/clot residing in the vascular in a manner that permits partial or full

rernoval of the erabolic obstruction from the patient.

[0130] In some fmplementations the dirmmensional and material charactenistics of the elements along
the expandable length of the retrieval device are selected to produce a radial force per unit length of
between about 0.040 N/nuw o about 0.065 N/Anmm when the outer diameter of the retrieval device is
restrained to 1.5 millimeters. In some implementations the dimensional and material characteristics
of the elements along the expandable length are selected to produce a radial force per unit length of
between about 0.045 N/mm to about 0.060 N/mm when the outer diameter of the retrieval device s
restrained to 1.5 millimeters. In some tmplementations the dimensional and material characteristics
of the clements along the expandable length are selected to produce a radial force per unit length of
between about $.050 N/mm to about 0.060 N/mm when the outer diameter of the retrieval device is
restrained to 1.5 millimeters. In some implementations the dimensional and material characteristics
of the elements along the expandable length are selected to produce a radial force per unit length of
between about 0.049 N/mim to about 0.057 N/mm when the outer diamcter of the retrieval device is
restrained to 1.5 millimeters. Among the same or alternative implementations, the dimensional and
material characteristics of the elements along the expandable length of the retrieval device are
selected to produce a radial force of between about 0.010 N/mm to about 0.020 N/mm when the

nominal diameter of the main body portion is about 4.5 + (.5 millimeters.

(01317 In the implementations of Figure 37, the cell structures in regions M and O (excluding those
that arc formed at least in part by rail segments 8001 and 8002) arc shown having similar shapes
with the ccll structures 8021 including a pair of short struts 8022 and a pair of long struts 8024, In
exemplary implementations the arca of cell structures 8021 is between about 4.5 nun” and about 5.5
mm”. In one exemplary implementation the arca of cell structures S021 is about 5.0 mm” to about
5.2 mm’. The cell structures 8020 generally located in region N, in one implementation, comprise a
shape consisting of two adjoining cell structures 8021 with a long strut 8024 being omitted between
them. Although other types of large sized cell structures are contemplated, an advantage of the cell
consiruction ithustrated m Figore 37 is that ©f possesses good nesting capability to permit the retrieval

device to achieve a small delivery profile.

)
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[0132] In some implementations the overall length of the expandable portion of the clot retricval
device is between about 55,0 millimeters and about 65.0 millimeters with the main body portion
{section N) having a length of between about 25 willimeters and about 35.0 mithimeters and the
proximal and distal taper regions having a length of between about 10.0 to about 20.0 mullimeters.
In one exemplary erobodiment the overall length of the expandable portion of the clot retrieval
device is about 58.4 mullimeters with the main body portion (section N} having a length of about
29.3 mullimeters and the proximal and distal taper regions having a length of about 16.6 millimeters

and 12.5 milhimeters, respectively.

[0133] Figure 38 illustrates clot retrieval devices 8500 according to other implementations where,
among other features, the strut elements of rail segments 051 and 8052 have varying width
dimensions. Figure 38 depicts a clot retrieval device in a two-dimensional plane view as if the
device were cut and laid flat on a surface. Figure 38 depicts the device in its manufactured {as-cut)
configuration. In one umplementation, rail segment 8051 transitions from a maximum width
dimension at or near its proximal end 8066 to a muntmum width dimension at or near ifs distal end
&067. In a like manuer, rall segment 83052 transitions from a maximuom width dimension at or near
its proximal end 8066 to a minimum width dimension at or near its distal end 8068, As proviously
discussed, the width dimensions of the rail segments are selected to enhance their ability to distribute
forces and to resist buckling when a push force is applied to the proximal ond 8064 of the clot
retrieval device. in some implementations the percentage change between the maximum ratl width
dimension and the minimum rail width dimension is between about 20.0% and about 35.0%. In other
implementations the percentage change between the maximum rail width dimension and the
mintmum rail width dimension is between about 22.0% and about 27.0%. In an cxemplary
mmplementation the width dimension of the rail scgments transitions from a maxinwum width
dimension of about 0.0047 + 0.0004 inches to a minimum width dimension of about 0.0035 £ 0.0004

inches.

[0134] Although Figure 38 represents rail segments that are devoid of undulations, as previously
described herein, it 15 appreciated that rail segments such as those shown in Figures 1A and 44 are
also contemplated. Like the devices of Figure 30 disclosed above, it is appreciated that other than
the rail width characteristics disclosed in the preceding paragraph, any of a nurnber of the features

and/or characteristics of the vascular treatment devices described 1o conjunction with the devices of

)
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Figures 1-29 (c.g.. dimensional, spatial, relational, ctc.) may be incorporated into a clot retrieval

device 8050 according to Figure 38,

[0135] In some implementations the width of rails 8051 and/or 8052 taper along their length {or a
portion thereof) in a substantial uniform and dimimshing fashion. In some implementations discrete
portions of the rails have a substantially uniform width dimension with only transitional tapers being
used to join rail portions of different widths., Tn some implerentations discrete portions of the rails
have a substantially aniform width dimension with stepped transitions between rail portions of
different widths, In other aplementations two or more of the preceding width transitional methods
are utihized. Although not required, 1t 1s preferable that the width transitions occur at portions along

the rail strots other than at a junction of the struts {e.g., junctions 8070},

[0136] In some implementations, in a manner previously described, struts 8664 and 80635 of the most
proximal cell strocture also have an enhanced width dimension that may be equal to or less than the
maximum rail width dimension for the purpose of enhancing the pushability of the clot retrieval
device as it 1s advanced through the tortuous apnatomy of a patient. In some implementations less
than the entire length of struts 8064 and 80635 are provided with an enhanced width dimension. For
example, in some implementations an enhanced width portion extends from a proximal most end of
struts 8064 and 8065 and terminates a distance prior to their juncture. The configuration of struts

8064 and 8065 may also be altered in manners previously disclosed.

(01371 With contimued reference to Figure 38, in exemplary implementations all or portions of struts
8033 and 8054 (and optionally all or portions of struts 8055 and 2056) have width dimensions of
about 0.0045 inches to about 0.0050 inches, all or portions of struts 8057 and 8058 {(and optionally
all or portions of struts 8053, 8056, 8359 and 8060} have width dimensions of about 0.0036 inches to
about 0.0040 inches, all or portions of struts 8039 and 8060 (and optionally all or portions of struts
2061, 8062 and R063) have width dimensions of about $.0034 inches to about 0.0036 inches, In
some implementations the remainder of the struts generally located in region P of the device have
width dimensions of about 0.0027 inches, the struts generally located in region Q have width
dimensions of about §.0034 inches to about 8.0036 mnches, and the struts geverally located in region
R have a width dimension of about 0.0031 inches to about 0.033 inches. In ove or more of the
iomediately preceding implementations, the width dimension of struts 8064 and 8065 1s between

about 0.0036 inches and about $.0047 inches. It is to be appreciated that the dimensions disclosed
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relate to exemplary implementations and are also subject to customary manufacturing tolerances.

Variations in the dimensions are possible and conternplated.

[0138] Although not reguired, it is preferable that the width transitions occur at portions along the

struts themselves other than at a junction of the struts (e.g., junctions 8070 and 8071).

(013971 As dlustrated in Figure 38, the strot density i the region generally identified by Q7 is
notably less than the strut densities in the regions generally identified by “P” and "R”. As a
conseqguence, the cell structures 8080 generally located 1o region § are of a larger size than the cell
structores 8081 generally located in regions P and R, As previously discussed, an advantage of
larger sized cell structures within the main body portion of the retrieval device is that it enhances
clot ntegration into the main body portion {region (3} when a radial strength of the main body
portion is properly provided. For the purpose of providing sufficient radial strength in region Q of
the device, the struts generally located within region @ have an enbanced width dimension as
compared to the cell struts generally located in region P (other than the struts §053-8(65) and the
cell struts generally located in region R, In one implementation the width dimension of the struts in
region  are similar to or the same as the width dimension of the distal sections of rails 8051 and

8052 {e.g., struts 8061, 8062 and/or 8063},

(0140} In an cxemplary implementation struts 8003-8006 and a proximal portion of struts 8055 and
80356 have a width dimension of about (.0047 inches, struts 8057, ¥05&, and a distal and proximal
portions of strats 8055,8056 and 8059,8060, respectively, have a width dimension of about 0.0040
imches, struts 8009, 8011 and a distal portion of strut 8010 have a width dimension of about 0.0034
inches, struts 8012-8G13 have a width dimension of about §.0040 inches, struts 8061, 8062, 8363
and the distal portions of struts 8059 and 8060 have a width dimension of about 0.0035 inches. In
some implementations the remainder of the struts generally located in region P of the device have
width dimensions of about 0.0027 inches, the struts generally located in region Q have width
dimensions of about 0.0035 inches, and the struts generally located in region R have a width
dimension of about 0.0031 inches. The increased width dimension of the struts in section R
advantageously reduces the hikelihood of struts buckling within the distal taper region of the clot
retrieval device during its delivery to a treatmoent site of a patient. The ncreased width dimension
also increases the radial strength of the distal taper region that enhances the ability of the distal taper

region to remain open while the clot retrieval device is withdrawn from a patient so that it may
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sweep away remaining portions of the clot when the clot retrieval device is being withdrawn from

the patient.

(01417 According to some implementations the clot retrieval devices 8050 according to Figure 38
are laser cut from a tube having an inner diameter of about 3.77 millimeters and a wall thickness of
between about 0.097 nullimeters to about G131 mullimeters. In use, a clot retrieval device 8050
according to an implementation of that shown 1o Figure 38 is advanced through the tortuous vascular
anatomy or bodily duct of a patient o a treatment site in an onexpanded or compressed state of a
first nominal diameter and is movable from the unexpanded state to a radially expanded state of a
second nominal diameter greater than the first nominal diameter for deployment at the treatment site.
In alternative exemplary embodiments the second nominal diameter (e.g., average diameter of mam
body portion} is about 6.0 & 0.5 millimeters. In some implementation, the dimensional and material
characteristics of the cell structures 8080 residing tn the main body (section Q) are selected to
produce sofficient radial force and contact interaction to cause the cell structures 8080 to engage
with an embolic obstruction/clot residing in the vascular in a manner that permits partial or full
removal of the embolic obstruction from the patient. In some implementation, the dimensional and
material characteristics are selected to produce a radial force per unit length in the expandable
portion of the retrieval device of between about 0.010 N/mm to about 0.020 N/mm when the

diameter of the main body portion is reduced to about 5.0 & (.5 mitlimeters.

[0142] In the implementations of Figure 38, the cell structures generally located in regions P and R
{excluding those that are formed at least in part by rail segments 8051 and 8052) are shown having
sirnilar shapes with the cell structures 8081 including a pair of short struts 8082 and a pair of long
struts 8084, In an exemplary implementation the area of cell structures 8081 is about 9.2 mum®.  The
cell structures 080 generally located in region Q. in one implementation, compwise a shape
consisting of two adjoining ccll structures 8081 with a long strut 8084 being omitted between them.
Although other types of large sized cell structures are contemplated, an advantage of the cell
construction illustrated in Figure 38 is that i possesses good nesting capability to pernmt the retrieval

device to achicve a small delivery profile.
[0143] In some implementations the overall length of the expandable portion of the clot retrieval
device s between about 65.0 millimeters and about 75.0 millimeters with the main body portion

{section Q) having a length of between about 25.0 millimeters and about 35.0 millimeters. In one
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exemplary implementation the overall length of the expandable portion of the clot retrieval device is
about 71.9 millimeters with the main body portion (section Q) having a length of about 323
millimeters and the proximal and distal taper regions having a length of about 22.5 millimeters and

171 millimeters, respectively.

(01441 Figure 39 depicts a two dimensional view of a duct obstruction reirieval device 370
according to another implementation. As with some of the other implementations previously
described, the retrieval device 370 comprises a proximal tapered end portion 371, a cyhindrical main
body portion 372 and a distal tapered end portion 373, A difference n the distal tapered end portion
373 as compared to the distal tapered end portions previounsly described is that the distal tapered end
portion 373 has less than three full rows of cell stractures so as to reduce the distal taper length, In
the example of Figure 39 the distal tapered end portion comprises two full rows of cell structures
374 and 375 and a partial row of cell structures 376, {For the sake of clarity, although row 375 m
the implementation of Figure 39 inchudes a single cell structure, it is in any case considered a row of
cell structures.)  The inclusion of a distal tapered end portion in the refrieval device that culminates
into a distal antenna provides a number of advantages over retrieval devices that would otherwise
terminate in a bhunt end. One advantage is that once the retrieval device has been positioned and
expanded in a vessel of a patient the tapered end provides a greater degree of placement adjustment
over a retrieval device having a blunt end. Another advantage is that the distal tapered end portion is
more atraumatic than a blunt end. The reduced taper length achicved by limiting the construction of
the distal tapered end portion 373 to less than three full rows of cell structures has been found to
advantageously result in a distal taper that is both more stable and more atraumatic than those having
a greater number of full rows of cell structures, 1n retrievers having cell structures of different sizes,
iike those of cell structures 376 and 377, it is preferable that the full rows of cells in the distal
tapered end portion 373 be comprised of substantially all small-sized cell structures 377 like that

shown in Figure 39.

(01451 According to some implementations the length of the distal tapered end portion 373 in the
as-cut manufactured state is less than about 30% of the length of the main body portion 372, and
preferably less than about 25% of the length of the main body portion 372, Tn one iplementation
the lengths of the main body portion 372 and the distal tapered end portion 373 are about 26 mm and

6 mm, respectively. In another implementation the distal tapered end portion 373 has a length of
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between about 4.5 mum to about 5.0 mm, According to some implementations the combined length

of the distal tapered end portion 373 and the distal antenna 379 is less than about 10 mm,

[0146] Figure 40A shows a two dimensional view of a duct obstruction retrieval device 380
according to another implementation.  Like the retrieval device 370 shown i Figure 39, retriever
380 compnises a distal tapered end portion comprising less than three full rows of cell structures.
Retriever device 380 differs from retniever 370 1o that the distal tapered end portion comprises cell
structures that are bifurcated into a fitst set of cell structores 386 and a second set of cell structures
387 with the first cell of cell structures 386 termunating at a first distal antenna 388 and the second
set of cell structures 387 terminating at a second distal antenna 389, Figure 40B depicis a three
dimensional view of retrieval device 380 with the reference mumber 383 denoting the distal tapered
end portion of the device.  As shown in Figure 408, distal antenna 388 and distal antenna 389 are

joined to form a retrieval device having a distal tapered end portion with a closed end.

(01471 It is important to note that although the retrieval devices 370 and 380 have been deseribed as
comprising distal antenmas, in other implementations like retrieval devices are provided without
distal antennas. The same applies to each of the implementations disclosed and contemplated herein
In addition, with reference to the retrieval device 380 of Figure 40, in another implementation only a
single distal antenna is provided that is chosen between distal antenna 388 and distal antenna 389, In
such an implementation the retrieval device would possess an open distal end with the second set of

cell structures 387 being available to sweep along the treatment vessel to capture dislodged material.

[0148] Figurc 41 is a two dimensional view of a duct obstruction retricval device 390 according to
another implementation that comprises a distal tapered end portion comprising less than three full
rows of cell structures. Like retricval device 380, the distal tapered end portion of retricval device
390 has cell structures that arc bifurcated into a first set of cell structures 396 and a second set of cell
structures 397 with the first cell of cell structures 396 terminating at a first distal antenna 398 and the
sccond set of cell structures 397 terminating at a sccond distal antenna 399, As shown m Figure 41,
the first and second distal antermas 398 and 399 arc longitudinally off-set from one another. In one
ioplementation a radiopague material, feature {e.g., flared strut) or component {e.g., a coil) is
positioned on cach of the first and second antemmas. By virtue of there off-set construction, a

radiopaque component, for example, on each of the antennas enables the distal end of the retrieval
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device and the distal tapered end portion of the retrieval device to be visunally delineated during the

treatment procedure,

(01497 Figore 42A 15 a two diroensional view of a duct obstruction retrieval device 450 according to
another foplementation.  The retrieval device 450 comprises an expandable member that has a
proximal tapered end portion 451, a cylindrical main body portion 452 and a distal tapered end
portion 433, The outer-most cell structores in the proximal tapered end portion have outer wall

segruents that form first and second rail segments 454 and 455, respectively.  Each of the rad

or near the proximal end of the cylindrical main body portion 452, In the plemeuntation of Figure
42, each of the rail segments 454 and 455 are undulating. A proximal antenna 457 extends

proximally from a proximal-most cell stracture 456,

(01501 The proximal-most cell structure 456, as shown in greater detail in Figure 428, comprises
first and second outer struts 460 and 461, respectively, and first and second inner strats 462 and 463,
respectively. As shown in the layout of Figure 42B, the first outer strut 460 and a first portion 461a
of the second outer strut 461 are straight in the two dimensional lavout while the first inner strut 462,
sccond inner strat 463 and the second portion 461b of strut 461 arc curvilinear in the two
dimensional layout. In the manufactured, three dimensional configuration the first outer strut 460
and the first portion 461a of the second outer strut 461 are curved and deveid of undulations. Asa
result of being oriented at the proximal end of the expandable member and being co-extensive to the
proximal antenna, the straight strut segments of the proximal-most cell structure 456 enhance the
pushability of the retrieval device 450 as it is delivered through the anatomy of a patient as
compared to retrieval devices having proximal-most cell structure with only curved struts in the two

dimensional layout.

[0151] In some implementations, the total length of struts 460 and 462 (L1) and the total length of
struts 461 and 463 (L2} arc substantially the same in order to promote a nesting of the struts when
the expandable member transitions from the expanded state to the unexpanded state. According to
some implementations the difference in length between L1 and L2 15 less than 5.0%, while in other

implementations the difference in length between L1 and L2 1s less than 1.0%,.
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(01527 Figurc 43 iHustrates a variation of the proximal-most cell stracture 456, As depicted, cach of
struts 460 and 461 have an arca of reduced width 464 and 465, respectively, that are located adjacent
their junction 466 with the proximal antenma 457, The inclusion of the reduced width arcas 464 and
465 locally enhances the proximal-most cell stracture’s ability to collapse by reducing the amount of
force needed to initiate and effectuate the collapse. Thus, for example, when the retrieval device 450
is first introduced into an introducer sheath for placement within a delivery catheter or is withdrawn
into a delivery catheter afier the expandable merber has deployed inside a patient, the areas of
reduced width 464 and 465 cause the struts 460 and 461 to be more casily folded in the area of the
junction 466 with less force than would otherwise be required absent the arcas of redoced width
This makes the retrieval device 450 more manageable when being handied by healtheare
professionals when the retrieval device 450 s being introduced into the delivery catheter for the first
time, thus redocing the likelthood of the retrieval device being damaged duning the mtroduction
process. As previously discussed, after the retrieval device 450 has been introduced and expanded
inside the duct of a patient there may be ocecasions when the retrieval device is proximally
withdrawn back into the delivery catheter. This may oceur, for example, upon the retrieval device
being improperly placed in the duct or upon the completion of a retrieval procedure. In cach of these
mstances because less force is required to collapse the expandable member of the retrieval device
several advantages are realized. One advantage is that it reduces the likelihood of the retrieval
device 450 acting upon the delivery catheter in a manner that would cause an inadvertent
displacement of the delivery catheter within the duct of the patient. Another advantage is that it
reduces the hikelihood of excessive force being applied at the attachment between the proximal
antenna 457 and the elongate wire {¢.g. clongate wire 40 shown in Figure 1A} that would result ina

fatlure at the junction.

[0153] In the implementation of Figure 43 the arcas of reduced width 464 and 465 comprise tapers.
In other implementations the arcas of reduced width are denoted by a stepped reduction in strut
width, The amount by which the width is reduced in areas 464 and 465 will vary according to the
nominal widths of struts 460 and 461. In any cvent, it 15 important that the amount of width
reduction 1s consistent with the radial force and structural integrity requirements of the expandable
member. It has been discovered that a reduction of width in the as-cut manufacthured state of
between about 5.0% and about 20.0% is suitable for struts having a nominal width of between about
0.0057 inches and about 0.0027 mches, with a preferable range being between about 10.0% and

about 20.0% in width reduction. In one implementation the width ditoension W1 of struts 460 and
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461 is about 0.0053 inches with the minimum width dimension of the arcas of reduced width being
0.0047 inches. In another implementation the width dimension W1 of struts 460 and 461 1s about
0.0057 mches with the mininum width dimension of the arcas of reduced width being 0.0046

mnches.

[0154] In some implementations the as-cut width dimensions of siruts 460 and 461 are differcnt,
with the width dimension of their respective areas of reduced width 464 and 465 also being different.
For example, in one implementation strut 460 has a width dimension of about 8.0050 inches, strut
461 has a width dimension of about 0.0057 mches, and arcas of reduce width 464 and 465 have

width dirnensions of about 0.0042 inches and about 0.0046 inches, respectively,

(01551 Figure 44 shows another variation of the proximal-most cell structure 457 wherein outer
struts 460 and 461 comprise a proximal section 467, a mudsection 468 and a distal section 469,
Because the width dimensions of the outer struts 460 and 461 of the proximal-most cell strocture 456
are generally made greater than most of struts in the remaining portion of the retrieval device 450 for
the purpose of enhancing the pushability of the expandable member, the bulk of matenal at the
janctures 471 and 472 located at the distal end of the struts may impede the expandable member’s
ability to coliapse. For this reason, in the implementation of Figure 44 the distal sections 469 have a
reduced width dimension in order to reduce the amount of material occupying the juncture regions
471 and 472. Although Figure 44 also shows the proximal sections 467 having a reduced width
dimension (similar to that described above), in some implementations this is not the case. In a

manner described above, the sections of reduced width may comprise tapers and/or steps.

[0156] Another advantage of the iraplementation depicted in Figure 44 is that the midsection 468 of
struts 460 and 461 may be provided with a sufficient width to enhance the visibility of the device
under fluoroscopy without materially impacting the ability of the proximal end of the proximal
tapered region 451 to collapse or to otherwise assume its unexpanded state.  According to one
implementation the width dimension of the strut nudscctions 468 is about 0.0053 inches and the
minimum width dimension of the proximal and distal scctions 467 and 469 being 0.0047 inches and
0.0041 inches, respectively.  As with some of the Figure 43 implementations, 1 some Figore 44
implementations the width dimensions of struts 460 and 461 are different, with the width dimeunsion

of one or more of their respective proximal sections, midsections and distal sections being different.
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[01577 Figurc 45A is a two dimensional view of a duct obstruction retrieval device 800 according to
another implementation. The retrieval device 800 comprises an expandable member that has a
proximal tapered end portion 801, a cylindrical main body portion 802 and a distal tapered end
portion 803, The outer-most cell structures in the proxamal tapered end portion have outer wall
segments that form on one side a non-undulating rail segment 804 and on the other side an
undulating rail segment 803, Each of the rail segments 804 and 805 extend from a proximal-most
end of the expandable member to a position at or near the proxiroal end of the cvlindrical main body
portion 8§02, A proximal anicona 806 extends proximally from a proximal-most cell structure 807
while a distal antenna 808 extends distally from the distal end of distal tapered section 803, The
distal tapered section 8§03 is sumilar to that deseribed above n comgunction with Figore 39, In some
mmplementations the proximal-most cell structure 807 has the same features and characteristics as

proximal-most cell structure 456 in the implementations of Figures 42-44 above.

(01581 As a result of the diagonal disposition of the cell structures i the retrieval device, the
straight Hne length along which rails 804 and 8035 pass are different in the as-cut manufachured state
with the straight line fength that passes along rail 804 being longer than the straight line length that
passes along rail 805, The lincar configuration of rail 804 in combination with the undulating
configuration of rail 805 advantageously results in the rails 04 and 805 having lengths that more
closely approach one another when the retrieval device assumes it’s unexpanded/delivery state.
According to one implementation, rails 804 and 805 are configured to achicve substantiaily the same
iength when the retrieval device 800 is in the vnexpanded/delivery state. In some implementations,
the difference in length between rails 804 and 805 is between about 0% to about 5% when the

retrieval device 800 1s in the unexpanded/delivery state.

101597 As discussed carlicr, the retrieval devices disclosed and contemplated hercin are generally
laser cut from a tube and in their actual three dimension configuration generally comprise tube hike
structures. Figure 45, like many of the other figures, represents a retricval device as it would appear
in a two dimension layout, that is, as if it were cut along its length and laid out on a flat surface.
With this in mind, and with reference to Figure 458, in the two dimension layout the cell structures
are polygons comyprising a plurality of struts. As shown, rail segments 804 and 805 are constructed
by the outer walls of the outer most cell structures 807, 810 and 811 n the proximal tapered section
810, Undulating rail segment 805 is formed by a first outer wall §12 of the proximal-most ¢ell

structore and the outer walls 814 of outer cell structures 810, whereas the non-undulating rai
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segment 804 is formed by a second outer wall 813 of the proximal-ruost cell structure and the outer
walls 815 of outer cell structures 811, As represented in Figure 458, in the two dimension layout the
outer walls 814 arc curvilincar and the outer walls 815 are straight. As will be appreciated, when in
the tubular form, the rail 804 will be curved when the expandable member assumes an expande

state, but will nonetheless be devoid of undolations. Rail 805 will also assume an additional degree

of curvature in its three dimensional state, but unlike rail 804 will comprise undulations.

(01601 An advantage of the proxmal tapered section 801 design is that the non-undalating rail
segment 804 provides the aforementioned benetits related to pushability and kink resistance, while
the undulating rail segment 805 accommodates the melusion of a larger number of symmetric-
shaped polygons and/or nearly symmetric-shaped polygons within the section 831, The nclusion of
an increased mumber of symmetric-shaped and/or nearly symmetric-shaped polygons in the distal
tapered end portion 8031 improves its ability to assume it’s unexpanded or compressed state and also
provides for a more uniform and compact configuration.  Because symmetrically shaped cell
structures have better nesting tendencies than their non-symmetric counter-parts, the aforementioned
advantages are achieved, at least in part, by the increased number of symmetrically shaped cell

structures disposed within the proximal tapered end portion 801,

[0161] Another advantage of a proximal tapered end portion having one non-undulating rail
segment 804 and one undulating rail segment 8035 is that the inchision of the undulating rail segment
provides more freedom in the design of the cell structures within the proximal tapered end portion as
opposed to a design having two non-undulating ratls.  As shown in Figure 458, the outer cell
structures 811, along which the non-undulating rail segment 804 is formed, comprise structures that

arc considerably more synuunctric than those, tike for example, shown in Figure 30,

(01621 With reference to Figure 45C, according to one implementation the retriever device 800 has
the following as-cut dimensional characteristics: Li= 56,44 mm = 0.50 mm; L2= 2685 mm + 0.50
nun; L3= 2.0 mm = 8.1 mm; L4= 4.0 mm £ 0.3 mm; Wi= 0.0054 inches = 0.0004 inches; W2=
0.0056 mches £ 0.0004 inches; W3= 0.0047 inches = 0.0004 inches; W4= §.0047 inches + 0.00604
inches; WS= 0.0040 inches £ 0.0004 nches; Wo= 0.0027 mnches £+ 0.0004 inches; W7= 0.0034
inches £ 0.0004 inches; W= .0031 inches = (.0004 inches; W= .010 inches £ (.007 inches;
W10= 0.0035 inches £ 0.0004 imches; Wii= 0.0025 inches + 0.0004 inches. In one iroplementation



WO 2012/106657 PCT/US2012/023858

the length of the proximal tapered end portion and the distal tapered end portion is about 13 mm and

Tram, respectively,

[0163] Figore 46 illustrates an obstroction retrieval device 830 according to another implementation
wherein portions 833 of some struts 8§32 in the distal tapered end portion 831 of the retriever device
are flared to enhance the radiopacity of the distal region of the device. In sowe hmplementations
doring manufacture cach of portions 833 are laser cut so as to possess an enhanced width dimension
with respect to the remaimnder of strut 832, Besides in themselves enhancing radiopacity, the flared
portions (or portions of enhanced width) provide a good platform for receiving a radiopague coating
such as, for example, a gold coating. Tn the implementation of Figure 46 the flared portions 88 are
positioned a sufficient distance from the strut junctions 834 so as to not interfere with the retriever’s
ability to compress. In the implementation of Figure 46 the flared portions 833 are also
iongitudinally staggered so that when the retriever 830 15 in the compressed state no more than a
single flared portion 833 will occupy a longitudinal position.  Such a configuration lessons the
impact the flared portions 833 may have on the retriever’s lowest achievable diameter dimension
along the distal tapered end portion 831, In the embodiment of Figure 46, the flared portions
comprise nodes which in one implementation have a diameter of about 0.015 inches, In other
embodiments the flared portions €33 are longitudinal in nature and occupy a substantial length of the
struts 832, In such implementations the flared portions 833 may have a width of between about

{.0035 inches to about (.0045 inches.

[0164] Figures 47A and 478 tllustrate a distal segment of an obstruction retricval device 480
according to onc implementation. Figure 47A depicts the device 480 in a two-dimensional layout as
if it were cut along its length and laid out on a flat surface, While Figure 47 A depicts the deviee 480
m its as-cut configuration, the three-dimensional represemtation of Figure 478 shows the device 480

in a post-cut manufactured state.

(01651 With reference to Figure 47A, the distal segment of device 480 comprises a plurality of
distal cell structures 488-491 with a set of antennas 481, 482 and 483 extending distally from the
junction regions 492-494 of cell structures 488-491. In some implementations tabs 485-487, or other
enhanced dimension features, are provided at one or more ends of the distal most cell structures for
the purpose of identifying the distal end of the device under fluoroscopy by virtue of their enhanced

dimensional characteristics and/or as a resalt of being endowed with a radiopaque material,  As
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shown in Figure 47A, in some implementations the distal-most cell structures are smalier than the

adjacent cell structures in the main body portion of the device 480,

[0166] As shown in Figure 478, at a point in fime after the device 480 has been formed, such as
being cut by a laser, the distal ends of antennas 481, 482 and 483 are joined together at the juncture
424 s0 as to provide the internal cavity of device 480 with a closed-end. Tn effect, the closed-end
forms a basket that faciluates the collection of particulates, such as embolic material, that may
become dislodged during a retrieval procedure. In some iroplementations the juncture 484 1s formed
by soldering together the distal ends of the antermas 481-483, In some nmplementations the distal
ends of the antennas 481-483 are positioned within an encasement, such as a coil spring or other
perforated structure, with a solder or other bonding agent being applied within and/or about the
encasement to effectuate a bonding together of the distal ends of the antennas 481-483. In some
mmplementations  the encasement comprises a rounded atrauymatic distal tip. In some

implementations the encasement comprises a radiopague material.

(01671 Figures 48A and 48B illnstrate an obstruction retrieval device 850 according to one
mmplementation. Figure 48A depicts the device 850 in a two-dimensional layout as if it were cut
along its length and laid out on a flat surface. While Figure 48A depicts the device 850 in its as-cut
configuration, the three-dimensional representation of Figure 488 shows the device 480 in a post-cut
manufactured state. The device includes a proximal antenna 851, a proximal taper portion 852, a
main body portion 853 and a distal portion 855. In the as-cut manufactured state the main body
portion 853 and the distal portion 855 have the same, or substantially same, diameter. At a point in
time after the device 850 has been cut, such as by laser cutting, the device 850 is formed so that the
unconstrained configuration of the distal portion 8§55 has a diamcter that is greater than that of the
unconstrained main body portion 853, The post as-cut form of the device 850 may be achicved with
the use of mandrels or other tools and mcthods known in the art. In some implementation the ratio
of the unconstrained diameter of the distal portion 855 (absent the transition portion 854} and the
main body portion 853 is between about 1.2/1.0 and about 2.0/1.0. For example, according to one

implementation the average unconstrained diameter of the main body portion 853 1s about 2.0
portion 864, is about 4.0 millimeters.  According to some iuplementations the ratio of the
unconstrained length of the distal portion 835 (absent the transition portion 854} and the

unconstrained length of the main body portion is between about 0.2 to about 8.7, For example,
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according to one implementation the unconstrained length of the main body portion 855 is between
about 15 to 25 millimacters and the unconstrained length of the distal portion (absent the transition

portion 854} is between about 5 to 10 millimeters,

[0168] According to some impleraentations, as depicted m Figure 484, the cell structures in the
main body portion 853 are larger in size than those in the distal portion 855, The lower sirut density
in the main body portion 833 facilitates an integration of the retrieval device 850 within an
obstruction. The higher strut density in the distal portion 8§53 facilitates the entrapment of dislodge
particles as discussed in more detail below, Additionally, m some oplementations the retrieval
device 15 constructed in a manuer that results in a radial force being exeried by the main body
portion 853 that is greater than the radial force exerted by the distal portion 855 when the retrieval
device 850 is deploved within a duct of a patient. In such an implementation, the main body portion
€53 is situated to capture an obstruction while the distal portion 855 more gently acts against a wall
of the duct distal to the obstruction to entrap portions of the obstruction that become dislodged
during aund after its capture. As such, according to one method the retrieval device 850 is placed at
the treatment site of a patient by use of a delivery catheter, as previously disclosed herein. The
retrieval device 850 is positioned at a distal end of the delivery catheter so that the main body
portion 853 is positioned at the site of the obstruction to be retrieved. When sheathed within the
delivery catheter the main body portion 853 and the distal portion 855 have the same, or
substantially the same, diameter. Thereafter, the delivery catheter is withdrawn proximally to cause
the constrained retrieval device to expand at the treatment site so that the main body portion 853 is at
least partially forced into the obstruction and so that at ieast a portion of the distal portion 855 more
gently rests against the duct wall distal to the obstruction. Upon the obstruction being captured
within the main body portion 833 of device 8§50, the device may be removed from the patient in a
manner consistent with one or more of the methods previously disclosed herein.  During such
rernoval, as the retrieval device is pulled proximally the distal portion 855 sweeps along the duct
wall to entrap portions of the obstruction that may have become dislodged. By virtue of its enhanced
diametric dimension, the distal portion 855 maintains contact with the duct wall during all or a

portion of the removal procedure.
[0169]  As discussed above, a lower strut density i the main body portion 853 facilitates an
integration of the retrieval device 850 within an obstruction. However, in some implementations the

retrieval device is constructed in a manner that results 1o a radial force being exerted by the main
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body portion 853 that is greater than the radial force cxerted by the distal portion 855 when the
retrieval device 850 is deployed within a duct of a patient, To achieve this variation in a radial force,
in seme implementations the width dimension of the strats in the main body portion 853 of the
retrieval device are cut to have a larger width dimmension of at least some or all of the struts in the

distal portion 855,

(01701 As shown in Figures 48A and 488, i some implementations the strut density i the distal
segraent 855 1s further enhanced by the inclusion of non-hinear struts 860 in at least some of the cell
structures. In some implementations the non-linear struts extend between the proximal end 864 and
distal end 866 of cell structures. In some implementations the non-linear struts 860 extend between
the proximal end 864 and distal end 866 of cell structures with the non-linear strut 861 having
substantially the same length as the upper strut 861 and/or lower strut 862 in the as-cut
configuration. Such a construction enhances the ability of the cell structure struts o nest resulting m
a lower achievable constrained diameter of the retrieval device. In some implementations the non-
Hinear strats 861 extend between the proximal end 864 and distal end 866 of cell stractures with the
upper, lower and non-lingar struts 86{, 862 and 861, respectively, having substantially the same
length in the as-cut configuration. S0 as not to greatly impact the radial foree produced in the distal
scgment 855, in some implementations the non-lincar struts 860 have a width dimension less than
the width dimension of the upper and lower struts 861 and 862, In some implementations the ratio
ot the width dimension of struts 860 and the width dimension of each of the upper and lower struts
&61 and 62, respectively, is between about 0.70 and 0.80. For example, according to one
implementation ecach of the upper and lower struts, 361 and 362, have a width dimension of about

(.0035 inches while strut 360 has a width dimension of about $.0025 inches.

[0171] Figure 49 illustrates a variation to the as-cut configuration shown in Figure 48A. As shown
in Figure 49, the retrieval device 870 comprises a proximal distal portion 871, a main body portion
872 and a distal portion 873, the distal portion being shorter in length than that depicted in Figure

-4 Sz'gk

(01721 Figure 50 ilustrates a distal segment of a retrieval device similar to that shown in FIGS. 47A
and 478 having one or more radiopague wires ot ribbons 495 wound about the struts that form cell
stractures 488-492. Throughout the remainder of the disclosure the term “wire” is used broadly to

melude wires, ribbons, or like structures.  Although the entirety of the cell struts that forma cell
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structures 488-492 may be wound with one or more radiopague wires 495 as shown in FIG. 50, in
other implementations only a sclected number of struts may possess radiopague wire windings., An
advantage of incorporating the radiopaque wire windings into the distal segment of the retrieval
device is that it enhances the visibility of the distal end of the device under fluoroscopy. Tnoaddition,
when a sufficient number of distal member strots are endowed with wire windings, such as shown in
FIG. 50, the wire windings enhance the stiffness of the distal segiuent. An advantage of increasing
the stiffness of the distal segment is that it inhibits prolapse of the distal segment as the retrieval
device 15 advanced through a delivery catheter or treatment duct of a patient. Tn one implementation
the one or more wires comprise platinum. However, it is to be appreciated that any of a number of
other radiopague materials may be used. The one or more wires may corprise a core structure, such
as stainless steel, that is clad or otherwise coated with a radiopague material. The one or more wires
may also comprise a polymeric structare impregnated, doped or otherwise coated with a radiopagne
material,  In some implementations the cross-sectional area of the one or more wires varies to
provide a varation in radiopacity and/or stiffness within the distal segment. In some
implementations the diameter or width dimension of the one or more wires 495 is in the range of
between abowut 20% to about 50% less than the width dimension of the struts which form the distal

segment.

(61731 Although not shown in FIG. 50, in some implementations small recesses are provided in at
least some of the struts of cell structures 488-492 for the purpose of guiding the placement of the
wire windings to designated focations. Preferably, the recesses are sized to receive only a portion of
the wire so that only a portion of the wire resides within the recess and a portion of the wire resides

gutside the recess,

101747 F1GS. 51A through 51D iHustrate other aspects of a clot retrieval device 550 which are in
some ways similar to the retrieval device 850 depicted in FIGS. 48A and 48B. FIGS, 51A-51D
depict the device 550 in a two-dimensional layout as if it were cut along its length and laid out on a
flat surface. The device includes a proximal antenna 561, a proximal taper portion 351, a main body

portion 352a and a distal portion 552b, In the as-cut manufactured state the man body portion 552a
the device 550 has been cut, such as by laser catting, the device 550 is formed so that the
unconstrained configuration of the distal portion 55325 has a diameter that is greater than that of the

unconstrained maimn body portion 552a. The post as~cut form of the device 550 may be achieved with
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the use of mandrels or other tools and methods known in the art. In some implementation the ratio
of the unconstrained diameter of the distal portion 552 and the main body portion 552a is between
about 1.2/1.0 and about 2.0/1.0. For example, according to one implementation the average
unconsirained diameter of the main body portion 552a is about 2.0 mullimeters and the average
unconstrained diameter of the distal portion 552b 1s about 4.0 millimeters. According to some
implementations the ratio of the unconstrained length of the distal portion 552b and the
unconstrained length of the main body portion 552a 18 between about 0.2 to about 0.7, For example,
according to one implementation the unconstrained length of the main body portion 552a is between
about 15 to 25 millimeters and the unconsirained length of the distal portion is between about 5 to 10

mitlimeters,

(01751 According to some implementations, cell structures in the proximal taper portion 351, main
body portion 552 and distal portion 5352 are of different sizes. In the example of FIG. S1A, the cell
sizes are multiples of one another with cell structure 554 comprising an area approximately equal to
two of cell structure 5353 and cell stracture 555 comprising an area approximately equal to three of
cell structares 553, 1t is important to note that cell sizes that are mupltiples of one another are not
required. FIG. S1B illustrates the length dimension L1 and width dimension Wi of cell structure
553, FIG. S1C illustrates the length dimension L2 and width dimension W2 of cell stracture 554.

FIG. 51D illustrates the length dimension L3 and width dimension W3 of cel structure 555.

[0176] According to some implementations cell structures 553, 554 and 555 cach have an average
length to width ratio greater than one when the retrieval device is in an unexpanded state and when
the retrieval device is in an expanded state. The ability of the cell structures 553, 554, and 555 to
maintain an average length to width ratio of greater than one inhibits the cclls from collapsing
iengthwise as the device 550 travels through a delivery catheter or duct of a patient. In other words,
the cell structures of device 550 are inhibited from collapsing lengthwise on themsclves in an

accordion like fashion due to their length to width ratios being greater than one.

101771 Another aspect 1s reflected in the length L3 of the cell structures 555 in the distal portion

than the expanded diameter of the remaiming portions of the device, the length dimension L3 is

selected to be sufficiently long in comparison to its width dimension W3 50 as to ensure that the cell
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structures 555 maintain their length dimension to be greater than their width dimensions when the

retrieval device 550 transitions from an unexpanded to an expanded state.

[0178] In some implementations the average length to width ratio of the cell structures in the distal

of the cell structures in the proximal portion 552a of the cylindrical main body portion, the average
length to width ratio of the cell structures in the proximal portion 552a of the cylindrical mam body

portion being greater than the average length to width ratio of the cell structures in the proximal end

portion being greater than one when the self-expandable member 15 in the unexpanded and expanded

configuration,

(01791 In some implementations the retrieval device 550 1s constructed in a manner that resulis in a
radial foree being exerted by the mamn body portion 552a that s greater than the radial force exerted
by the distal portion 552b when the retrieval device 5350 is deployed within a duct of a patient. In
such an implementation, the main body portion 552a is situated to capture an obstruction while the
distal portion 552b more gently acts against a wall of the duct distal to the obstruction to entrap
portions of the obstruction that become dislodged during and atter its capture. As such, according t©
one method the retrieval device 550 is placed at the treatment site of a patient by usc of a delivery
catheter, as previcusly disclosed herein. The retrieval device 550 is positioned at a distal end of the
delivery catheter so that the main body portion 552a is positioned at the site of the obstruction o be
retrieved.  When sheathed within the delivery catheter the main body portion 552a and the distal
portion 552b have the same, or substantially the same, diameter. Thercafier, the delivery catheter is
withdrawn proximally to cause the constrained retrieval device to expand at the treatment site so that
the main body portion 552a is at least partially forced into the obstruction and so that at least a
portion of the distal portion 552b more gently rests against the duct wall distal to the obstruction.
Upon the obstruction being captured within the main body portion 552a of device 550, the device
may be removed from the patient in a manner consistent with one or more of the methods previously

disclosed herein. During such removal, as the retrieval device is pulled proximally the distal portion

disiodged. By virtue of its enhanced diametric dimension, the distal portion 552b mainfains contact

with the duct wall during all or a portion of the removal procedure,
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[0180] As discussed above, a lower strut density in the main body portion 552a (as compared to the
strut density in the proximal taper portion 551) facilitates an integration of the retrieval device 550
within an obstroction. However, in some implementations the retricval device is constructed in a
manner that resulis in a radial force being exerted by the main body portion 552a that is greater than
the radial force exerted by the distal portion 552b when the retrieval device 550 1s deployed within a
duct of a patient. To achieve this vanation m a radial force, in some implementations the width
dimension of the struts in the main body portion 552a of the retrieval device are cut to have a larger

width dimnension of at least some or all of the struts 1o the distal portion 552b.

[0181] As shown in FIG, 51 A, in some implementations the strut density m the distal segment 552

is further enhanced by the inclusion of non-linear struts 562 1n at least some of the cell structures. In
some implementations the non-linear struts 562 extend between the proximal end 556 and distal end
557 of cell structures. In some implementations the non-linear struts 562 {(or mtermediate struts)
extend between the proximal end 556 and distal end 557 of cell structures with the non-linear strut
562 having substantially the same length as the upper strut 558 and/or lower strat 559 in the as-cut
configuration. Such a construction enbances the ability of the cell structure strufs to nest resulting in
a lower achicvable constrained diameter of the retrieval device. So as not to greatly impact the
radial foree produced in the distal segment 552b, in some implementations the non-linear struts 562
have a width dimension less than the width dimension of the upper and lower struts 558 and 559, In
some implementations the ratic of the width dimension of struts 562 and the width dimension of
cach of the upper and lower struts 558 and 559, respectively, is between about .70 and 0.90. For
example, according to one implementation cach of the upper and lower struts, 558 and 559, have an
as-cut width dimension of about 0.0035 inches while strut 562 has an as-cut width dimension of

about 0.0025 inches.

(01821 Although not shown in FIGS. 51A-51D, in some implementations the cell structures in the
distal scgment 552b have wire windings sclectively woven through their struts in order to endow the

distal segment with a desired radiopacity and/or stiffness as discussed above in relation to FI1G. 50.

[0183] In some implementation, a phurality of antennas 560a, 560b and 560c¢ exicnd distally to the
distal-most circumferential row of cell structures in the distal segruent 552b.  In a manner hike that
disclosed above in conjunction with the device of FIGS. 47A and 478, the distal ends of antennas

560a, 360b and 560c¢ are joined together so as to provide the internal cavity of device 550 with a
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partially closed-end.  In effect, the closed-cnd forms a basket that facilitates the collection of
particulates, such as embolic material, that may become dislodged during a retrieval procedure. In
some implementations the juncture of antennas 560a, 560b and 560¢ is formed by soldering together
the distal ends of the antennas. In some tmplementations the distal ends of the antennas are
posttioned within an encasement, such as a coil spring or other perforated structure, with a solder or
other bonding agent being apphied within and/or about the encaseroent to effectuate a bonding
together of the distal ends of the antennas. In some implementations the encasement comprises a
rounded atraumatic distal tip. In some implementations the encasement comprises a radiopague

material.

(01841 FIG. 52A ilustrates a retrieval device similar to that disclosed in FIGS. STA-51D. A

difference lics in the construction of the non-linear/intermediate struts 370 that are disposed n the

distal segment cell structures 555, As shown in FIG. 52A, the intermediate strat 570 comprises first

and second curvilinear elements 571 and 572, respectively, between which are bifurcation struts

~
i

573a and 573b.  An advantage of the configuration of strut 570 is that it provides additional
coverage, as compared to strut 562, to assist in entrapping embolic debris. In some implementations
the non-lincar struts extend between the proximal end 556 and distal end 557 of cell structures S55.
In some implementations the non-linear strut 570 oxtends between the proximal end 556 and distal
end 557 of cell structures with the combined length of clements 571, 572 and 573a being
approximately the same length as the upper strut 558 and/or the combined length of elements 571,

72 and 573b being substantially the same length as the lower strut 559 in the as-cut configuration.
So as not to greatly impact the radial force produced in the distal segment 552b, in some
implementations the non-lincar struts 570 have a width dimension less than the width dimension of
the upper and lower struts 558 and 559, In some implementations the ratio of the width dimension
of struts 570 and the width dimension of cach of the upper and lower struis 558 and 559,
respectively, 18 between about 0,70 and 0.90. For example, according to one implementation cach of
the upper and lower struts, 558 and 559, have an as-cut width dimension of about 0.0035 inches

while strut 360 has an as-cut width dimension of about 0.0025 inches,

[0185] FIG. 528 illustrates a variation to the retrieval device shown in FIG, 52A with differences

~
I
i

existing in the size of the cell structures 379 i the proximal section 575 of the cylindrical body
portion and the mclusion of cell structure 577 in the distal section 576 of the cylindrical body

portion. As shown in FIG, 528, cell stroctures 579 are smaller 1o size to the simiarly situated cell
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structures in the retrieval device of FIG. 52A as a result of additional struts being added (those

depicted by dashed lines) to essentially reduce the size of the cell structures by half. As noted above,

another difference lics in the inchusion of cell structure 577 at the distal end of the retrieval device to

provide a the device with a substantial voiform cucumferential end. In one woplementation an
773

ntermediate strut 578 extends between the opposite ends of cell structure 577 in a manner sinular to

that described above with respect to intermediate struts 562,

[0186] FIG. 53 illustrates a retrieval device 380 that comprises different size cell structures along its
length, simntlar to that disclosed above in conjunciion with the device 530 dlustrated m FIGS, STA-
SID. FIG. 53 depicts the device 580 in a two-ditnensional layout as if it were cut along its length
and laid out on a flat surface. The device imcludes a proximal antenna 581, a proximal taper portion
582, a main body portion 383 and a distal portion 584, In the as-cut manufactured state the main
body portion 583 and the distal portion 584 have the same, or substantially same, diameter. At a
point in time after the device 580 has been ent, such as by laser cutting, the device 58{ is formed so
that the unconstrained configuration of the distal portion 584 has a diameter that is greater than that
of the unconstrained main body portion 583, The post as-cut form of the device 580 may be achieved
with the use of mandrels or other tools and methods known in the art.  In some implementation the
ratio of the unconstrained diameter of the distal portion 584 and the main body portion 583 is
between about 1.2/1.0 and about 2.0/1.0. For example, according to onc implementation the average
unconstrained diameter of the main body portion 583 is about 2.0 millimeters and the average

unconstrained diameter of the distal portion 584 is about 4.0 millimeters.

[0187] As illustrated m FIG. 53, the cell structures in the proximal taper portion 582, main body
portion 583 and distal portion 584 arc of different sizes. In the example of FIG. 53, the cell sizes are
multiples of one another with ccll structures 586 comprising an arca approximately equal to two of
cell structure 585 and cell structure 587 comprising an area approximately egual to three of cell
structures 585, It is important to note that ccl sizes that are multiples of one another are not
required, As with cell structures 553, 554 and 555 in device 550 described above, cell structures
585, 586 and 587 cach have an average length to width ratio grester than one when the retricval
device 580 1s in an unexpanded state and when the retrieval device 580 is in an expanded state. As
discussed above, the ability of the cell structures to mamtain an average length to width ratio of
greater than one mhibits the cells from collapsing lengthwise as the retrieval device travels through a

delivery catheter or duct of a patient. In other words, the cell structures of device 580 are inhibited
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from collapsing lengthwise on themsclves in an accordion like fashion due to their length to width

ratios being greater than one.

[0188] Another aspect is reflecied in the length of the cell structores 587 m the distal portion 584 of
the device, Because the distal portion 584 assumes an expanded diameter that is greater than the
expanded diameter of the remainimg portions of the device, the length dimension of cell structure
587 is selected to be sufficiently long in comparison fo its width dimnension so as to ensure that the
cell structure maintains its length dimension fo be greater than s width dimensions when the

retrieval device 380 transitions from an unexpanded to an expanded state.

[0189] In some implementations the retrieval device S80 1s constructed in a manner that resulis in a
radial force being exerted by the main body portion 583 that is greater than the radial force exerted
by the distal portion 584 when the retrieval device 380 is deployed within a duct of a patient. In
such an implementation, the main body portion 583 is situated to capture an obstruction while the
distal portion 584 more gently acts against a wall of the duct distal to the obstruction to entrap
portions of the obstruction that become dislodged during and after its capture. As such, according to
one method the retrieval device 580 is placed at the treatment site of a patient by use of a delivery
catheter, as previcusly disclosed herein. The retrieval device 580 is positioned at a distal end of the
delivery catheter so that the main body portion 583 is positioned at the site of the obstruction to be
retrieved.  When sheathed within the delivery catheter the main body portion 583 and the distal
portion 584 have the same, or substantially the same, diameter. Thereafter, the delivery catheter is
withdrawn proximally to cause the constrained retrieval device to expand at the treatment site so that
the main body portion 583 is at least partially forced into the obstruction and so that at least a portion
of the distal portion 584 more gently rests against the duct wall distal to the obstruction. Upon the
obstruction being captured within the main body portion 583 of device 580, the device may be
rernoved from the patient in a manner consistent with one or more of the methods previously
disclosed herein. During such removal, as the retrieval device is pulled proximally the distal portion
584 may sweep along the duct wall to entrap portions of the obstruction that may have become
disiodged. By virtue of its enhanced diametric dimension, the distal portion 584 maintains contact

with the duct wall during all or a portion of the removal procedure,
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[G190] Although not shown in FIG. 53, in some implementations the cell structures in the distal
segment 584 have wire windings selectively woven through their struts in order to endow the distal

segment with a desired radiopacity and/or stiffness as discussed above in relation to FIG. 50.

[0191] The retrieval device 590 illustrated 1o FIG. 54 15 similar to device 580 with a difference
being the manner o which the cell structores 587 are interconnected. Cell structures 587 have a
proximal side 591, a distal side 592, a top side 593 and a bottom side 594, As shown in FIG. 54, celi
structares 587 are coupled with the adjoming cell stroctures 586 along at least a portion of the
proximal side 591, However, the top and bottom sides 593 and 594 of cell structures 587 are
unattached. As mentioned above, it 1s desirable that the length to width ratio of cell structures 587
remain greater than one when the retrieval device 590 s moved through a delivery catheter or duct
ot a patient. By de-coupling the top and bottom sides of the cell structures, forces that would
normaily be applied to the cell structnres during expansion to cause them to appreciably expand in
width are largely removed. This assists in ensuring that the length to width ratio of cell structures
587 remains greater than one when the device 590 assumes an expanded state. As shown i FIG. S5,
as a result of the de-couphing of the distal-most circumferential row of cell structures, the selection
of smaller sized cell structures is accommodated. For example, as shown in FIG. 35 the distal-most
circumferential row of cell structures 596 may comprise cell structures that are the same or similar o
proximally sitnated ccll structures 586. It is appreciated, however, that the size and shape of the
distal-most circumferential row of cell structures need not mimic those of the proximally situated

cell structures,

[0192] Turning now to FIG. 56A, a retrieval device 630 is shown having a similar construction as
the device 800 depicted in FIG, 45A, albeit with fower ccll structures and for use in smaller diameter
vessels/ducts. FIG. 56A is a two dimensional view of a retrieval device 630 according to another
implementation.  The retrieval device 630 comprises an cxpandable member that has a proximal
tapered cnd portion 631, a cylindrical main body portion 632 and a distal tapered end portion 633,
The outer-most cell structures in the proximal tapered end portion have outer wall segments that
form on one side a non-undulating rail segment 636 and on the other side an undulating rail scgment
637. Each of the rail segments 636 and 637 exiend from a proximal-most end of the expandable
member to a position at or near the proximal eund of the cylindrical mam body portion 632, A
proximal anterna 634 extends proximally from a proximal-most cell structore 638 while a distal

antenna 635 extends distally from the distal end of distal tapered section 633, The cell stroctures



WO 2012/106657 PCT/US2012/023858

640 in the cvlindrical main body portion 632 comprise facing proximal and distal flexure clements
641 and 642, respectively, which generally comprise convex and/or concave like structures, such as
for example V-like and U-like structurcs. The proximal and distal flexure elements 641 and 642 are
mterconnected by a pair of diagonally extending and curcumferentially spaced-apart struts 643 and

644.

(01931 FIG. 568 shows the as-cut width dimensions in inches of the various struts in the proximal
tapered end portion 631 according to one implementation, each of the dimensions having a tolerance
of £0.0004 imches. According to one implementation the struts in the proximal tapered end portion

631 have an as-cut thickness dimension of about 8.0045 £+ 0.0004 inches.

(01941 As previcusly discussed, it is desirable that the cylindrical mam body portion 632 possess
sutticient radial strength to cavse at least 8 partial integration of ifs struts into an obstruction targeted
for foli or partial removal. However, the radial strength of the cylindrical main body portion 632
must be sufficiently fow to avoid undue damage to the vessel or duct under treatment. In order to
achieve a desired radial strength the cross-sectional area and/or width and/or thickness of the struts

that form the cylindrical main body portion 632 must be properly dimensioned.

[0195] Another feature of consideration is that of flexibility. The cylindrical main body portion 632
should possess sufficient flexibility to permit the retrieval device 630 to be advanced and retracted
though the tortuous anatomy of a patient. However, the cyhindrical main body portion 632 should
also possess sufficient stiffness to permit it to be pushed through a delivery catheter and a duct of a
paticnt without it collapsing on itself. It has been discovered that stiffness also plays a factor in the
ability of the retricval device to be withdrawn into a delivery catheter at a point in time after it has
been deployed. As discussed above, upon a misplacement of the retrieval device within a duct of a
patient, and somectimes upon removal of the retrieval device from the patient, the retricval device s
fully or partially withdrawn back into the delivery catheter. It has been discovered that in the
absence of a requisite amount of stiffness within the cylindrical mam body portion it is difficult to
withdraw the retrieval device back into the delivery catheter afier 1t has been deployed. Tests have
shown that in some situations when all the struts within the cylindrical main body portion have a
uriform cross~-section, nsufficient stiffness results when the struts are sized to achieve a proper

amount of radial force,
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[0196] It has been discovered that the cross-section of flexure clements 641 and 642 most
significantly impact radial force in the cylindrical main body portion 632 while the cross-section of
diagonally disposed struts 643 and 644 contributing hittle if any to the radial force produced within
the cylindrical main body portion 632, According to some implementations, in order to achieve the
right combination of radial strength and stiffness within the cylindrical main body portion 632, the
cross-section of flexure elements 641 and 642 1s different than the cross-section of struts 643 and
644, Because in many mstances the retrieval device 1s cut from a tobe of uniform thickness, the
width dimensions of the flesure elements 641, 642 and diagonally disposed struts 643, 644 are
varied to achieve the deswred radial force and stiffness characteristics. However, it is to be

appreciated that dimensions other than width may be varied to achieve the same or sinular results,

(01971 According to some implementations all or substantially all of the struts in the cvlindrical
main body portion 632 are of the same thickness with the fexure elements 641 and 642 having a
first average width dimeusion and the diagonally disposed strats 643 and 644 having a second
average width dimension that is greater than the first average width dimension. The second average
width dimension is sufficiently large to compensate for the lack of stiffness that would otherwise
exists if the second average width dimension was the same as the first average width dimension. In
some implementations the as-cut second average width dimension is in the range of about 1.1 t©
about 2.0 times greater than the as-cut first average width dimension. In other implementations the
as-cut second average width dimension is in the range of about 1.2 to about 1.5 times greater than
the as-cut first average width dimension. According to one experiment the as-cut first average width
dimension was about (.0032 inches and the as-cut sccond average width dimension was about
0.0040 inches. The resulis showed that the average deflection stiffness of the cylindrical main body
portion 632 increased by about a 40% to 50% as a result of increasing the width dimension of the
diagonally disposed struts 643 and 644 from 0.0032 inches to 0.0040 inches, This occurs without an

appreciable increase in radial force.

(01987 FIG. 57 15 illustrates a retrieval device 650 similar to retrieval device 630 with a difference
being in the counstruction of the diagonally disposed struts 643 and 644, As shown in the figures,
struts 643 and 644 in retnieval device 630 are curvilinear while struts 643 and 644 in vetrieval device

650 are straight,
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(01991 According to some implementations the width dimensions of the diagonally disposed struts
643 and 644 are uniform along their length, With respect to the example dimensions above, it would
mean that the entire length of struts 643 and 644 would have an average width dimension of 0.0040
mches, In other implementations struts 643 and 644 comprise middle segments that ave disposed
between opposite proximal and distal end segments, with the proximal end segments being coupled
to the proximal flexore element and the distal end segments being coupled to the distal flexure
element. Using the same example dimensions above, the flexure elements 641 and 642 along with
the proximal and distal segments of struts 643 and 644 may have an average width dimension of
0.0032 inches while the middle segment of struts 643 and 644 may have an average width dimension
of 0.0040 mches. In other implementations struts 643 and 644 comprise middle segments that are
disposed between opposite proximal and distal tapered end segments, with the proximal fapered end
segments being coupled to the proximal flexure element 641 and the distal tapered end segments
being coupled to the distal flexure element 642, Using the same example dimensions above, the
flexure elements 641 and 642 may have an average width dimension of (.0032 inches with the
middie segment of struts 643 and 644 having an average width dimension of 0.0040 inches, the
average width dimension of the proximal and distal tapered end segments transitioning from 0.0032

inches io 0.0040 inches.

102007 As disclosed above in the description of the device depicted in FIG. 50, a process of
weaving/winding a wire or ribbon about the struts of the retrieval device may be used for the
purpose of enhancing the radiopacity of the device and alse for affecting the stiffness of the device.
In the implementations disclosed above, the discussion was lmited to incorporating such a feature
mto the distal segment of retricval devices, What follows is a description that involves the use of

such wire windings in other portions of the device.

(02017 FIG. S8A illustrates a reiricval device 630 that has a similar construction to the retrieval
device 650 shown in FIG. 56, The retrieval device 660 comprises wires that are wound about
sclective struts for the purpose of enhancing the radiopacity of the device 660 and/or to affect the
stiffncss of onc or more portions of the device, In the exemplary implementation of FIG. 38A three
radiopagque wires {(or ribbons) 661, 662 and 663 are woven along the length of the retrieval device to
enhance the radiopacity of the device along esseuntially its entive length and to enhance the stiffhess
of at least the cylindrical main body portion 666. In the implementation of FIG. 58A the wires 661-

663 are woven about the diagonally downward oriented struts (as viewed from left to right) i the
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cylindrical main body portion 666 so that only the short legs 670a of the flexure clements 670
possess wire windings. As shown in detail in FIG, 588, the long legs 670b of the flexure elements
670 arc free or substantially free of wire windings, A virtue of this winding configuration is that it
enables the wires to be applied to the retrieval device, and particularly the cylindrical man body
portion 666, in a manner that disproportionally affects stiffness and radial force. For example, the
average deflection stiffness of the cylindrical main body portion 666 may be moderately to
significantly increased without there being a correspounding increase in the radial force exerted by the
cylindrical moain body portion when it is in an unexpanded state. Prototypes have shown that the
average deflection stiffhess of the cylindrical main body portion 666 may be increased by up to 50%

with there being relatively litile to no inerease in the radial force.

(02021 According to one exemplary implementation, the struts in the cvlindrical main body portion
666 have an as-cut thickness dimension of about 8.0045 inches with each of struts 670, 670b and
671 having width dimensions of about 0.0032, 0.0032 and 0.0040 mmches, respectively.  In one
implementation the wires comprise platinum with a2 width and/or diameter of between abont (.0620
inches and (L0025 inches with there being an average of about one to ten windings per strut, and
most generally one to five windings per strut. It is to be appreciated that a single wire or any
nmultipie thereof may be used in licu of the three wire configurations depicted in FIG. SSA.
Moreover, it is important to note that, in the case of enhancing radiopacity that the wire or wires may
comprise any radiopague material or combination of materials as discussed above in conjunction
with FIG. 50. In the event that wire windings are applied only for the purposc of affecting stiffhess,
the wire or wires may comprisce any material suitable for such purpose, such as for example metallic,
polymeric and composite materials. In some implementations the cross-sectional area of the one or

more wires varies to provide a variation in radiopacity and/or stiffness along the length of the device,

[0203] According to some irmplementations, the cylindrical main body portion 666 has a first
average deflection stiffiiess in the absence of the one or more wires or ribbons 661-663 and a sccond
average deflection stiffness with presence of the one or more wires or ribbons 661-663, the
dimensional and material characteristics of the one or more wires or ribbons 661-663 and the
number of windings per unit length of the diagonally extending and circomferentially spaced-apart
struts in the cylindrical main body portion selected to cause the second average deflection stiffness

to be greater than the fivst average deflection stiffness by a factor of between about 1.2 to about 1.8
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with there being a disproportionally lower increase in the radial force exerted by the cylindrical main

body portion when it is in an unexpanded state.

[0204] According to some implementations the proximal and distal end segments of wires 661-663
are coupled to the retriever device 660 as depicted in FIG. 39 and FIG. 60, respectively. It is
important 0 note that other attachment/coupling configurations are also possible.  FIG. 39A
illustrate the proximal attachment of wires 661-663 at the location where the distal end of clongate
wire 40 (see for example FIG. 1A) is attached to the proximal antenna 675, In one embodiment, the
distal end of wire 40 has a flat profile with a width of about 0.005 inches with the width and
thickness of the proximal antenna 673 being about 0.0063 and about 0.0035 inches, respectively.
FIG. 598 illustrates a cross-sectional view of the resulting joint where in one implementation the
proximal ends of wires 661-663 reside on a bottom side of proximal antenna 675 and the distal end

of ¢longate wire 40 resides on a top side of proximal antenna 675.

[0205] In one implementation, the distal end of elongate wire 40, the proximal ends of wires 661-
663 and the proximal antenna 675 are coupled together within a coil structure 680. In one
mmplementation the cotl structure 680 has a closely wrapped distal segment 680a, and 3 looscly
wrapped proximal segment 680b that includes one or more gaps 680c. In onc implementation, the
iength of proximal antenna 675 and the coil 680 are substantially equal. Upon the coil 680 being
placed over the overlapping componcents a bonding agent is introduced into the internal cavity of the
coil 680 to bond the elongate wire 40, proximal antenna 675 and wires 661-663 together with at least
a portion of the coil. In onc implementation, the end segments of wires 661-663 reside entirely
within distal coil segment 680a, The bonding agent may be an adhesive, solder, or any other suitable
bonding agent, When the bonding agent is a solder, a preceding step in the process may involve
coating the various components with tin or another suitable wetting agent.  In one implementation
the solder is gold and is used to enhance the radiopacity of the joint so that the joint may serve as a
proximal radiopague marker. This implementation is particularly applicable in situations where
wires 661-663 are non-radiopaque. In addition to the use of gold, all or portions of the coil may be
made of a radiopagque material to further enhance the radiopacity of the joint. In other
inplementations, o Hen of the use of a single coil 680, two or more coils in abutting relationship are
used with, for example, a distal closely wound coil and a proximal loosely wound coil with gaps

sitnated proximal to the closely wound coil.
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[0206] FI1GS. 60A and 60B illustrate scveral methods by which the distal end segments of wires
661-663 may be attached to the distal anterma 676, In the implementation of FI1G. 60A the distal
ends of wircs 661-663 arc bonded directly to the distal antenna by use of a bonding agent such as
solder or ghue. FIG. 60B shows another implementation where the distal ends of wires 661-663 are
interposed between the distal antenna 676 and a3 coil 685 that swrounds it In such an
implementation a bonding agent may be introduced into the interior of the coil 685 to effectuate a

bonding together the coil 685, distal antenna 676 and wires 661-663.

[0207] While the above description contains many specifics, those specifics should not be construed
as limitations on the scope of the disclosure, but merely as exemplifications of preferre

embodiments thereof. For example, dimensions other than those listed above are contemplated. For
example, retrieval devices having expanded diameters of any where between 1.0 and 160.0
millimeters and lengths of up to 5.0 to 10.0 centimeters are contemplated.  Moreover, it is
appreciated that many of the features disclosed hercin are interchangeable among the various
mmplementations.  Those skilled in the art will eovision many other possible variations that are
within the scope and spirit of the disclosure. Further, it is to be appreciated that the delivery of a
vascular treatment device of the implementations disclosed herein 1s achievable with the nse of a
catheter, a sheath or any other device that is capable of carrying the device with the expandable
member in a compressed state to the treatment site and which permits the subsequent deployment of
the cxpandable member at a vascular treatment site.  The vascular treatment site may be (1} at the
neck of an ancurysm for diverting flow and/or facilitating the placement of coils or other hike
structures within the sack of an aneurysm, (2} at the site of an embolic obstruction with a purpose of
removing the embolic obstruction, (3) at the site of a stenosis with a purpose of dilating the stenosis

o increase blood flow through the vascular, cic.
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IN THE CLAIMS:

What is claimed is:

What is claumed is:

1. Anembolic obstruction retrieval device comprising; an elongate self-cxpandable member having
a radially expanded configuration and a radially vnespanded configuration, the expandable member
comprising a plurality of generally longitudinal vndulating clements with adjacent undalating
elements being interconnected m a manoer to form a plurality of diagonally disposed cell structures,
the expandable member having a proximal antenna, a proximal end portion and a eyvlindrical main
body portion comprising a proximal section and a distal section, the cell structures in the cylindrical
main body portion extending circumferentially around a longitudinal axis of the expandable
member, the cell structures n the proximal end portion extending less than circumferentially around
the longitadinal axis of the expandable member, in the expanded configuration the distal section of
the cylindrical main body portion having an average diameter greater than the average diameter of

the proximal section of the cylindrical main body portion.

2. The embolic obstruction retrieval device of claim |, whercin the average length of the cell
structures in the distal section of the cylindrical main body portion is greater than the average length
of the cell structures in the proximal section of the cylindrical main body portion, the average length
of the cell structures in the proximal section of the cylindrical main body portion being greater than
the average length of the cell structures in the proximal end portion, the average length to width ratio
of the cell structures n the proximal end portion and cylindrical main body portion being greater

than one when the self-expandabic member is in the constrained and unconstrained configuration,

3. The cmbolic obstruction retricval device of claim |, wherein the cell structures comprise strut
clements, at least some of the strut elements of the cell stroctures in the distal section of the

cylindrical main body portion having one or more radiopague wires or ribbons wound thercabout,

4. The embolic obstruction retrieval device of claim |, wherein the cylindrical main body pottion
comprises a first circumferential row of cell structures and a second distal-most circumferential row
of cell structures, cach of the second distal-most circumferential row of cell structures comprising a

roximal side, a distal side, a top stde and a bottom side, each of the proximal sides being coupled
>
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with an adjoining cell structure in the first circumferential row of cell structures and cach of the

distal, top and bottom sides being unattached to any adioining cell structures.
s o o

5. The embolic obstruction retrieval device of ¢laim |, wherein the cell structures i the distal
section of the cylindrical main body portion comprise a proximal-most apex and a distal-most apex,
at feast some of the cell structures n the distal section of the cylindrical main body portion

comprising an intermediate strut that extends between the proximal-most and distal-most apices.

6. The embolic obstruction retrieval device of claim 5, wherein the width of the infermediate strut s

fess than the width of the strugs that form the remainder of the cell structure.

7. The embolic obstruction retrieval device of claim 5, wherein the cell structure comprises a first
set of struts that extend between the proximal-most and distal-most apices to form a bottom side of
the cell stracture and a second set of struts circumferentially spaced-apart from the first set of struts
that extend between the proximal-most and distal-most apices to form a top side of the cell structure,
the overall length of the intermediate strut being approximately eqgual to the overall length of one or

both the top and bottom sides.

8. The embolic obstruction retrieval device of claim 1, wherein the cylindrical main body portion
has a distal-most circumferential row of cell structures and comprises a plurality of circumferentially
spaced-apart antennas extending distally therefrom and being joined together to form a partially

closed end to the retrieval device at or near the distal end of the cylindrical main body portion.

9. The cmbolic obstruction retricval device of claim |, further comprising a first proximally

extending elongate flexible wire connected to the proximal antenna.

10. An embolic obstruction retrieval device comprising; an clongate scif-expandable member
having a radially expanded configuration and a radially unexpanded configuration, the cxpandable
member comprising a plurality of generally longitudinal undulating clements with adjacent
undulating elements being interconmected in a manner to form a plurality of diagonally disposed cell
structures, the expandable member having a proximal antenna, a proximal end portion and a
cyhindrical main body portion corprising a proximal section and a distal section, the cell stroctures

i the cylindrical main body portion extending civcomferentially around a longitudinal axis of the
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expandable member, the cell structures in the proximal end portion extending less than
circumferentially around the longitudinal axis of the expandable member, the average length to
width ratio of the ccll structures in the distal section of the cyhindrical main body portion being
greater than the average length to width ratio of the cell stractures in the proximal section of the
cyhindrical main body portion, the average length to width ratio of the cell structures in the proximal
section of the cylindrical main body portion being greater than the average length to width ratio of
the cell structures m the proximal end portion, the average length to width ratio of the cell struchures
m the proximal end portion being greater than one when the self-expandable member s inthe

unexpanded and expanded configuration,

11. The embolic obstruction retrieval device of claim 10, wherein in the expanded configuration, the
average diameter of the distal section of the cylindrical main body portion is greater than the average

diameter of the proximal section of the cylindrical main body portion.

12. The embolic obstruction retrieval device of elaim 10, wherein the cell stractures comprise strut
clements, at least some of the strut clements of the cell stroctires in the distal section of the

cyhindrical main body portion having a radiopague wire or ribbon wound thereabout.

13. The embolic obstruction retrieval device of ¢laim 10, wherein the cylindrical main body portion
comprises a first circumferential row of cell structures and a second distal-most circumferential row
of cell structures, cach of the second distal-most circumferential row of cell structures comprising a
proximal side, a distal side, a top side and a bottom side, the proximal side being coupled with an
adjoining cell structure in the first circumnferential row of cell structures and the distal, top and

bottom sides being unattached to any adjoining cell structure.

14. The embolic obstruction retrieval device of claim 10, whercin cach of the ccll structures in the
distal section of the cylindrical main body portion comprises a proximal-most apex and a distal-most
apex, at least some of the cell structures in the distal section of the cylindrical main body portion

comprising an intermediate strut that extends between the proximal-most and distal-most apices.

18, The embolic obstruction retrieval device of claim 14, wherein the widih of the intermediate strut
9

is fess than the width of the struts that constitute the remainder of the cell structure,
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16. The embolic obstruction retrieval device of claim 14, wherein the cell structure comprises a first
set of struts that extend between the proximal-most and distal-most apices 1o form a bottom side of
the cell structure and a second sct of struts that extend between the proximal-most and distal-most
apices that form a top side of the cell strocture, the overall length of the intermediate strut being

approximately equal to the overall length of one or both the top and bottom sides.

{7. The embolic obstruction retrieval device of ¢laim 10, wherein the cylindrical mamn body portion
has a distal-most circomferential row of cell structures and comprises a plurality of circumferentially
spaced-apart antennas extending distally therefrom and being joined together to form a partially

closed end at or near the distal end of the eylindrical main body portion,

18. The embolic obstraction retrieval device of claim 10, further comprising a first proximally

extending elongate flexible wire connected to the proximal antenna.

19, An embolic obstruction retrieval device comprising; an clongate seif-expandable member
having a radially expanded configuration and a radially unexpanded configuration, the expandable
member comprising a plurality of generally longitudinal undulating clements with adjacent
undulating clements being interconnected in a manner to form a phurality of diagonally disposed cell
structures, the expandable member having a proximal antenna, a proximal end portion and a
cylindrical main body portion, the cell structures in the cyvlindrical main body portion extending
circumferentially around a longitudinal axis of the expandable member, the cell structures in the
proximal end portion extending less than circumferentially around the longitudinal axis of the
expandable member, the cell structures in the cyvlindrical main body portion comprising proximal
and distal facing V-like structures that are interconnected by a pair of diagonally extending and
circumferentially spaced-apart struts, the proximal and distal V-like structures having a first average
width dimension and the pair of diagonally extending and circumferentially spaced-apart struts

having a sccond average width dimension that is greater than the first average width dimension.

20. The embolic obstruction retrieval device of claim 19, wherein the diagonally extending and

circumfercntially spaced-apart struts are substantially straight.

21. The embolic obstruction retrieval device of claim 19, wherein the diagonally extending and

circurnferentially spaced-apart struts are curvilinear,
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22, The embolic obstruction retrieval device of claim 19, wherein the second average width

dimension is in the range of 1.1 to 2.0 times greater than the first average width dimension.

3. The embolic obstruction retrieval device of clamm 19, wherein the second average widt
23. Th holic obstroct t id fel 19, wi th i ith

dimension is in the range of 1.2 to 1.5 timnes greater than the first average width dimension.

24, Anembolic obstruction retrieval device comprising; an clongate self-expandable member
having a radially expanded configuration and a radially unexpanded configuration, the expandable
member comprising a plurality of generally longitadinal undulating elements with adjacent
undulating elements being interconnected in a manner to form a plurality of diagonally disposed cell
structures, the expandable member having a proximal antenna, a proximal end portion and a
cyhindrical main body portion comprising a proximal section and a distal section, the cell structures
in the cylindrical main body portion extending circumferentially around a longitudinal axis of the
expandable member, the cell structures 1n the proximal end portion extending less than
circumferentially around the longitudinal axis of the expandable member, the cell structures in the
cyhindrical main body portion comprising proximal and distal facing V-like structures that are
interconnected by a pair of diagonally extending and circumferentially spaced-apart struts, the
diagonally extending and circumferentially spaced-apart struts comprising first end segments,
sccond ond segments, and a middle segment disposed between the first and second end segments, the
first end scgments being coupled to the proximal V-like structure and the second end segments being
coupled to the distal V-like structure, the proximal and distal V-like structures having a first average
width dimension, the middic segments of the diagonally extending and circumferentially spaced-
apart struts having a second average width dimension that is greater than the first average width
dimension, the first and second end segments of the diagonally extending and circumferentially
spaced-apart struts having a third average width dimension that is greater than the first average width

dimension and less than the sccond average width dimension.

25, The embolic obstruction retrieval device of claim 24, wherein the first and second end segments

of the diagonally extending and circumferentially spaced-apart struts comprise tapers.

26. The embolic obstruction retrieval device of claim 24, wherein the diagonally extending and

circurnferentially spaced-apart struts are substantially straight,
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27. The embolic obstruction retricval device of claim 24, wherein the diagonally extending and

circumfercntially spaced-apart struts are curvilinear.

28. The embolic obstruction retrieval device of claim 24, wherein the second average width

dimension is in the range of 1.1 to 2.0 timnes greater than the first average width dimension.

29, The embolic obstruction retrieval device of claim 24, wherein the second average width

dimension is in the range of 1.2 to 1.5 times greater than the first average width dimension.

30. An embolic obstruction retrieval device comprising; an elongate self-expandable member
having a radially expanded configuration and a radially unexpanded configuration, the expandable
member comprising a plurality of generally longitudinal undulating clements with adjacent
undulating elements being mterconnected in a manner to form a phurality of diagonally disposed cell
structures, the expandable member having a proximal antenna, a proximal end portion and a
cyvlindrical main body portion comprising a proximal section and a distal section, the cell structures
i the evlindrical main body portion extending circumferentially around a longitudinal axis of the
expandable member, the cell structures in the proximal end portion extending less than
circumferentially around the longitudinal axis of the expandable member, the cell structures in the
cylindrical main body portion comprising proximal and distal V-like stractures that are
mterconnected by a pair of diagonally extending and circumferentially spaced-apart struts, at least
some of the diagonally extending and circumferentially spaced-apart struts having one or more
wires or ribbons wound thereabout 50 as to enhance the average deflection stiffness of allor a
portion of the cylindrical maim body portion when the self~expandable member is in the radially
expanded configuration.

31, The embolic obstruction retrieval device of claim 30, wherein the one or more wires or ribbons

comprise a radiopaque material,

32. The embolic obstruction retrieval device of claim 30, wherein the one or more wires or ribbons

comprise a metallic matenal.
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33. The embolic obstruction retricval device of claim 30, wherein the onc or more wires or ribbons
comprise a polymeric material,

34. The embolic obstruction retrieval device of claim 30, wherein the cylindrical main body portion
has a first average deflection stiffhess in the absence of the one or more wires or ribbons and a
second average deflection stiffness with presence of the one or more wires or ribbons, the
dimensional and material characteristics of the one or more wires or ribbons and the nomber of
windings per unit length of the diagonally extending and circomferentially spaced-apart struts
selected to cause the second average deflection stiffness to be greater than the first average

detlection stiffhess by a {actor of between about 1.2 to about 1.8,

35. The embolic obstruction retrieval device of claim 30, wherein at least some of the diagonally

extending and circamferentially spaced-apart struts comprise one or more winding guide features.

36. The embolic obstruction retrieval device of claim 35, wherein the one or more winding guide

features comprise recesses capable of recetving only a portion of the one or more wires or ribbous.

17
i

2
2

The embolic obstruction retricval device of claim 30, further comprising a first proximally
extending elongate flexible wire connected to the proximal antenna.

38. The embolic obstruction refrieval device of claim 37, wherein an end of the one or more wires
or ribbons is connected to the proximal antenna at the connection location of the first proximally

extending elongate flexible wire with the proximal antcona.
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