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(57) ABSTRACT

Apparatus and methods for an endovascular catheter that can
be 1serted within tortuous body anatomies and then selec-

tively stiffened and fixed 1n place. In a particular embodi-

ment, this stiflness 1s reversible. The stiflness or a compa-
rable mechanical characteristic of the catheter assembly may

be adjusted to a relatively low value during insertion (so that
it easily navigates a guide wire or the like), and then
subsequently adjusted to a relatively high value 1n situ to

keep the catheter assembly substantially fixed in place (.e.,
during delivery of an interventional device).
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METHODS AND APPARATUS FOR AN
ADJUSTABLE STIFFNESS CATHETER

Matter enclosed in heavy brackets [ ]| appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions
made by reissue; a claim printed with strikethrough
indicates that the claim was canceled, disclaimed, or held
invalid by a prior post-patent action or proceeding.

CROSS-REFERENCE TO RELATED
APPLICATION

This application is a reissue application of and claiming
priority to U.S. Pat. No. 9,889,273, issued Feb. 13, 2018,
which is based on U.S. patent application Ser. No. 14/294,
008, filed Jun. 2, 2014, which 1s a continuation of U.S. patent
application Ser. No. 13/326,093, filed Dec. 14, 2011, which
claims the benefit of U.S. Provisional Application No.
61/430,303, filed Jan. 6, 2011, each of which are herein

incorporated by reference in their entireties.

TECHNICAL

Embodiments of the subject matter described herein gen-
crally relate to catheter systems, and more particularly relate
to catheters of the type used in the context of tortuous
anatomic features.

BACKGROUND

Catheters are useful in performing a wide range of medi-
cal procedures, such as diagnostic heart catheterization,
percutaneous transluminal coronary angioplasty, and vari-
ous endocardial mapping and ablation procedures. It 1s often
difficult, however, to selectively catheterize certain vessels
of the human body due to the tortuous paths that the vessels
tollow. FIG. 1, for example, 1s a conceptual diagram useful
in depicting the human aortic arch 100. As shown, the
ascending aorta 110 rises from its origin at the aortic valve
(not shown). The right common carotid 104 and the right
subclavian 103 branch off of the brachiocephalic artery 102.
The left common carotid 105 and the left subclavian artery
106 branch and rise from the aorta just before 1t turns and
descends to the descending aorta 120. Dashed line 170
depicts a typical catheter placement that might be desirable
in this context.

Normal aortic arches such as that shown in FIG. 1 rarely
require intervention. Instead, interventionalists most often
find themselves viewing and navigating diseased and abnor-
mal aortic pathology, such as that shown 1n FIGS. 2A-2D,
which depict assorted variant conditions of the human aortic
arch (201-204). It 1s clear that navigation from the descend-
ing aorta 120, up over the arch, and then back to gain access
to the right brachiocepalic artery 102 can be extremely
difficult 1n such cases, particularly when the arteries are
partially occluded with easily displaced and dislodged build-
ups of plaque.

As a result, catheterization procedures often require mul-
tiple catheter exchanges—i.e., successively exchanging
catheters with different sizes and/or stiflness to “build a rail”
through which subsequent catheters can be inserted, even-
tually resulting 1n a wire and guide stifl enough to allow
delivery of the mtended interventional device (e.g., a stent,
stent-graft, or the like).
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2

Flexibility 1s therefore desirable 1n a catheter to allow 1t to
track over a relatively flexible guidewire without causing the
guidewire to pull out. That 1s, the “navigatibility” of the
catheter 1s important. At the same time, the stifiness or
rigidity of the same catheter 1s desirable to allow the guiding,
catheter to be robust enough to allow a relatively stifl device
(such as a stent) to be tracked through the guiding catheter
without causing the guiding catheter to lose position (1.e.,
becoming “dislodged”). If dislodgement occurs, the entire
procedure of guide wire and guide catheter exchanges must
be performed again from the beginning.

Often, an optimal balance i1s sought, such that the distal
end of the catheter 1s tlexible, and the proximal end 1s stiil
to enable tracking. However, in order to move the stifl part
ol a catheter in place, the flexible section typically needs to
be buried deep within the anatomy to get “purchase” and to
hold position. In many instances, the anatomy does not
allow for deep purchase. Accordingly, there 1s a need for
catheter designs and methods that overcome these and other
shortcomings of the prior art.

BRIEF DESCRIPTION OF THE DRAWINGS

A more complete understanding of the subject matter may
be derived by referring to the detailed description and claims
when considered in conjunction with the following figures,
wherein like reference numbers refer to similar elements
throughout the figures.

FIG. 1 1s a conceptual diagram depicting a human aortic
arch useful 1n describing the present invention;

FIGS. 2(a)-(d) depict various common aortic pathologies;

FIG. 3 1s a conceptual cross-sectional diagram depicting,
a catheter apparatus 1n accordance with one embodiment;

FIGS. 4 and 5 are qualitative graphs showing the value of
a stiflness metric as a function of length for catheters in
accordance with various embodiments;

FIG. 6 depicts a three-point bend test used for measuring
a stiflness metric;

FIGS. 7(a)-(c) depicts an alternate test used for measuring,
a stiffness metric;

FIGS. 8(a)-(b) depicts a catheter apparatus 1n accordance
with one embodiment;

FIG. 9 depicts a catheter apparatus 1n accordance with one
embodiment;

FIGS. 10 (a)-(b) and 11 depict a catheter apparatus in
accordance with one embodiment;

FIGS. 12-13 depict a catheter apparatus 1n accordance
with one embodiment;

FIGS. 14-15 depict a catheter apparatus 1n accordance
with one embodiment;

FIGS. 16-17 depict a catheter apparatus in accordance
with one embodiment;

FIGS. 18(a)-(c) depicts lumen configurations 1n accor-
dance with various embodiments; and

FIG. 19 depicts a qualitative graph showing the value of
a stiflness metric in accordance with one embodiment.

DETAILED DESCRIPTION

Overview

Referring to the longitudinal cross-section shown 1n FIG.
3, a catheter apparatus (or simply “catheter”) 300 in accor-
dance with one embodiment generally includes a generally
tubular body (or simply “body”) 304 having a delivery
lumen (or simply “lumen”) 301 defined therein. Catheter
300 extends from a distal end 308 (generally, the end
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configured to be mserted first within an anatomical feature)
and a proximal end 310 opposite distal end 308. A controller

320 communicatively coupled to catheter body 304 and/or
lumen 301 will also typically be provided for controlling the
operation of catheter 300, as discussed in further detail
below.

An activation means (not i1llustrated 1n FIG. 3) 1s provided
for causing body 304 to enter two or more states, which may
be discrete states or states that vary continuously, or a
combination thereof. The activation means will generally
include a variety of mechanical, pneumatic, hydraulic, elec-
trical, thermal, chemical, and or other components as
described in connection with the various embodiments pre-
sented below, and may be incorporated into body 304, lumen
301, controller 320, or a combination thereof. In various
embodiments, controller 320 1s one component of the acti-
vation means.

In general, body 304 can be selectably placed 1n at least
two states. In the first state, body 304 has a relatively low
stiflness and/or has other mechanical properties selected
such that catheter 300 can ecasily be inserted (e.g., via
manual axial force applied at proximal end 310) over a guide
wire or the like without substantially disturbing the place-
ment of that guide wire. A variety of conventional, com-
mercially available guide wires are known 1n the art, and
need not be discussed 1n detail herein. In the second state,
body 304 has a relatively high stiflness and/or other has
mechanical properties selected such that catheter 300
remains substantially in place within the anatomical feature
during subsequent operations, including the removal of any
guide wire used during msertion. Stated another way, while
in the first state, body 304 has a stiflness metric that 1s equal
to or less than a predetermined “navigatibility threshold,”
and while 1n the second state, body 304 has a stiflness metric
that 1s greater than or equal to a predetermined “rigidity
threshold.” This 1s 1llustrated in FIG. 19, which qualitatively
depicts two states (1902 and 1904) and their corresponding
stiflness threshold values (1.e., navigatibility threshold and
rigidity threshold, respectively).

The term *‘stiflness metric” as used herein refers to a
dimensionless or dimensional parameter that may be defined
in various ways, as described in further detail below. How-
ever, regardless of the nature of the stiflness metric, the
navigatibility threshold and rigidity threshold define the
primary modes of operation of catheter 300. In this regard,
note that “stifiness metric” 1s often used herein to refer to an
actual stiflness metric value.

Stiftness Metric and Thresholds

FIG. 4 presents a qualitative graphical representation of a
stiflness metric (S) as a function of distance along catheter
300 from 1ts proximal end to 1ts distal end. FIG. 4 corre-
sponds to the case where the stiflness metric 1s substantially
uniform along its length, but as will be seen below, the
invention 1s not so limited. Dashed line 412 indicates the
navigatibility threshold, and dashed line 410 represents the
rigidity threshold for a given stifiness metric. While 1n the
first state (during insertion) catheter 300 has a stiflness
metric 402 that 1s equal to or less than navigatibility thresh-
old 412. Similarly, while 1n the second state, catheter 300
has a stiflness metric 410 that 1s greater than or equal to
rigidity threshold 410.

In one embodiment, the stiflness metric corresponds to the
flexural modulus of catheter 300—i.e., the ratio of stress to
strain during bending, as 1s known in the art. This value may

be determined empirically, for example, using a three-point
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bend test as shown in FIG. 6, wherein catheter 300 (or a
portion of catheter 300) 1s placed on a pair of supports 602
and 604 that are a known distance apart, and a downward
(radial) force 608 1s applied to catheter 300 via a third
structure 606 that 1s situated between supports 602 and 604.

In another embodiment, the stifiness metric corresponds
to an empirical measurement that more closely models the
actual operation of catheter 300. For example, FIGS. 7(a)-(c)
depict a “dislodgment™ test that simulates the placement of
a catheter 300 placed at approximately a 90-degree angle
(although this angle may vary depending upon the test).
More particularly, stationary supports 702, 704, and 706 are
positioned 1n a predetermined geometric relation such that
catheter 300 (or a short segment cut from catheter 300) must
bend to fit between supports 702 and 704 while contacting
support 706. Additional supports (not illustrated) may also
be used to assist i placing catheter 300.

During the start of the test, a probe 702 1s mserted within
one end of catheter 300 as shown (FIG. 7(a)). Probe 702
might be configured to approximate the stifiness of a typical
stent-grait or the like. As probe 702 1s further inserted into
the lumen 301 of catheter 300, 1t makes contact with the
inner surface of the lumen 301 and causes end 308 to move
with respect to support 702. Ultimately, when probe 702 1s
inserted with a suflicient force, catheter 300 will be released
entirely from between supports 702 and 704 as shown. The
force necessary to dislodge catheter 300 1n thus way then
becomes the stiflness metric. The test 1s advantageously
conducted at approximately 37° C. (body temperature).
Further, the test may be mitiated with an exemplary guide
wire 1n place, thereby allowing the navigatibility threshold
to be determined.

Stiftness Metric Variation

While FIG. 4 depicts the stiflness metric as being invari-
ant over the length of catheter 300, the invention 1s not so
limited. FIG. 5 presents a qualitative graphical representa-
tion of stiflness metric (S) as a function of distance along
catheter 300 from 1ts proximal end to 1ts distal end; however,
in this embodiment, catheter 300 includes two “zones” or
segments, each having a corresponding stiflness metric
while 1n the second state. That 1s, 1n zone 520, the stiflness
metric 1n the second state (504) 1s substantially the same as
the stiflness metric 1 the first state (502) (1.e., 1s generally
below the navigatibility threshold 412). Withun zone 522, the
stiflness metric 1n the second state (504) 1s above the rigidity
threshold 410.

Catheter 300 may include any number of such zones.
Furthermore, the stiflness metric within each zone may be
constant or vary continuously. In a particular embodiment, a
first zone 1s adjacent to the distal end of catheter 300, and a
second zone 1s adjacent to the first zone, wherein the
stiflness metric of the first zone 1s less than the stiflness
metric of the second zone while 1n the second state.

In an alternate embodiment, catheter 300 has one stiffness
metric value along a first curvature axis and another stiflness

metric value along a second curvature axis that 1s orthogonal
to the first curvature axis.

Catheter Body

Catheter body 304 may have any suitable structure, and be
fabricated using any suitable combination of materials
capable of achieving the selectable stiflness metric described
above. For example, in one embodiment, catheter body 304
includes a helical (spiral) channel formed within 1ts exterior
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and/or 1ts interior. The channel eflectively weakens body
304 such that the stiflness metric in the first state 1s lower

than 1t would be if the body 304 were pertectly tubular. In
another embodiment, catheter body 304 includes a plurality
of ring-shaped channels formed circumierentially therein. In
a particular embodiment, the plurality of ring-shaped chan-
nels are distributed irregularly along the tubular body. Such
an embodiment allows the baseline stiflness metric to vary
in a specified way along the length of catheter 300.

Catheter body 304 may comprise a variety ol matenals.
Typical materials used to construct catheters can comprise
commonly known materials such as Amorphous Commodity
Thermoplastics that include Polymethyl Methacrylate
(PMMA or Acrylic), Polystyrene (PS), Acrylonitrile Buta-
diene Styrene (ABS), Polyvinyl Chlonde (PVC), Modified
Polyethylene Terephthalate Glycol (PETG), Cellulose
Acetate Butyrate (CAB); Semi-Crystalline Commodity
Plastics that include Polyethylene (PE), High Density Poly-
cthylene (HDPE), Low Density Polyethylene (LDPE or
LLDPE), Polypropylene (PP), Polymethylpentene (PMP);
Amorphous Engineering Thermoplastics that include Poly-
carbonate (PC), Polyphenylene Oxide (PPO), Modified
Polyphenylene Oxide (Mod PPO), Polyphenelyne Ether
(PPE), Modified Polyphenelyne Ether (Mod PPE), Polyure-
thane (PU), Thermoplastic Polyurethane (TPU); Semi-Crys-
talline Engineering Thermoplastics that include Polyamide
(PA or Nylon), Polyoxymethylene (POM or Acetal), Poly-
cthylene Terephthalate (PET, Thermoplastic Polyester),
Polybutylene Terephthalate (PET, Thermoplastic Polyester),
Ultra High Molecular Weight Polyethylene (UHMW-PE);
High Performance Thermoplastics that include Polyimide
(PI, Imidized Plastic), Polyamide Imide (PAI, Imidized
Plastic), Polybenzimidazole (PBI, Imidized Plastic); Amor-
phous High Performance Thermoplastics that include Poly-
sulfone (PSU), Polyetherimide (PEI), Polyether Sulione
(PES), Polyaryl Sulfone (PAS); Semi-Crystalline High Per-
formance Thermoplastics that include Polyphenylene Sul-
fide (PPS), Polyetheretherketone (PEEK); and Semi-Crys-
talline High Performance Thermoplastics, Fluoropolymers
that include Fluorinated Ethylene Propylene (FEP), Ethyl-
ene Chlorotrifluroethylene (ECTFE), Ethylene, Ethylene
Tetratluoroethylene (ETFE), Polychlortrifluoroethylene
(PCTFE), Polytetrafluoroethylene (PTFE), Expanded Poly-
tetrafluoroethylene (ePTFE), Polyvinylidene Fluoride
(PVDF), Perfluoroalkoxy (PFA). Other commonly known
medical grade matenals include elastomeric organosilicon
polymers, polyether block amide or thermoplastic copo-
lyether (PEBAX), Kevlar, and metals such as stainless steel
and nickel/titantum (nitinol) alloys.

The material or matenals selected for catheter body 304
may depend upon, for example, the nature of the activation
means used to eflect a transition from the first state to the
second state of operation. Catheter body 304 may be manu-
factured, for example, using conventional extrusion methods
or film-wrapping techniques as described in U.S. Pat. App.
No. 2005/0059957, which 1s hereby incorporated by refer-
ence. Additional information regarding the manufacture of
catheters may be found, for example, at U.S. Pat. No.
5,324,284, U.S. Pat. No. 3,485,234, and U.S. Pat. No.
3,585,707, all of which are hereby incorporated by refer-
ence.

Activation Means (Generally)

Catheter 300 includes activation means for causing body
304 to enter two or more states as detailed above. The
activation means may make use ol a variety of physical
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phenomenon and be composed of any number of compo-
nents provided within and/or commumnicatively coupled to
catheter 300, including for example, controller 320 as 1llus-
trated 1n FIG. 1. The change of state may be accomplished,
for example, via mechanical activation, electrical activation,
pneumatic activation, chemical activation, and/or thermal
activation. Typically, activation will occur subsequent to
catheter placement—i.e., 1 situ. Various specific types of

activation means will now be discussed below 1n conjunc-
tion the exemplary embodiments.

Embodiment 1
Thermal Activation

In one embodiment, the activation means includes a
controller 320 communicatively coupled to body 304 as well
features within body 304 that are together adapted to place
the body 1n the second state by subjecting at least a portion
of the catheter 300 to a reduction or change 1n temperature.

Referring now to FIGS. 8 (a)-(b) 1n conjunction with FIG.
1., a catheter 300 i1n accordance with one embodiment
generally includes two auxiliary lumens or channels 802 and
804 that are interconnected (e.g., fluidly coupled near a
distal end) such that the coolant travels through body 304.
The channels 804 and 802 are separated, for example, by a
membrane (such as an ePTFE membrane) 806.

After delivery of catheter 300 (during which it 1s in the
first state), a coolant 805 such as liquid nitrogen 1s supplied
to channel 804 (e.g., via a coolant delivery system within
controller 320), where 1t travels parallel to lumen 301 along
the length of (or a portion of) body 304. As the changes from
liquid to gas at membrane 806, 1t cools body 304 as well as
membrane 806. The matenials for catheter body 304 and/or
membrane 806 are selected that their stiflness increases as
the temperature 1s reduced. Exemplary materials include, for
example, urethane and the like. As channel 804 1s signifi-
cantly smaller than channel 802, compressed gas 803 1is
allowed to expand as it passes through membrane 806 into
channel 802.

As a result of heat transter from the coolant, the coolant
(1n the case of liquid nitrogen) changes to a gas phase and
exits through channel 802. In other embodiments, the cool-
ant remains 1 liquid form during operation. Suitable cool-
ants 1nclude, for example, chilled saline, liqud CO,, liqud
N,, and the like. Other approved medical chilling methods
may also be employed.

Embodiment 2
Axial Compression

Referring now to FIGS. 16 and 17 1n conjunction with
FIG. 1, in one embodiment, the activation means includes
controller 320 communicatively coupled to the body 304
and components within body 304 that are adapted to place
body 304 1n the second state by subjecting 1t to an increase
in axial compression.

As shown 1n FIG. 16, one or more tension lines 1602 may
be used to selectively apply a compressive force to body
304. The tension lines 1602 are attached at the distal end 308
of catheter 300 and are slideably received by corresponding
accessory lumens 1402 that pass through a series of body
segments 1605. The accessory lumens 1402 are preferably
s1zed to allow the free axial movement of tension lines 1602.
Depending upon the particular design, body segments 1605
will typically be separated by a small interstitial gaps 1607.
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The tension lines 1602 are subjected to approximately
zero tension (1.e., are generally “slack’™) while navigating the

anatomy during the first state; however, when stiffening of
all or a portion of catheter 300 1s desired, tension lines 1602
are pulled substantially simultaneously as depicted 1n FIG.
17. Gaps and the orientation between body segments 1605
may be optimized to reduce (and/or increase the repeatabil-
ity of) the foreshortening that occurs when tension 1is
applied. In one embodiment, tension wires 1602 are attached
to a floating gimbal mechanism incorporated into controller
320. Once tension 1s applied, the compressive force tends to
bind the catheter; thereby decreasing 1t’s flexibility in that
section. Reduction in the axial length may accompany the
application of tension. That 1s, as 1llustrated, the interstitial
gaps 1607 may be reduced.

The tension lines may be made of any suitably strong and
flexible material, such as polymeric or metallic filaments or
ribbons. The force necessary to place catheter 300 1n the
second state may vary depending upon the length, material,
and cross-section of tension lines 1602, as well as the
structural characteristics of body 304.

Any number of tension lines 1602 and accessory lumens
1402 may be used. FIGS. 18(a)-(c) present a cross-sectional
view of various designs for catheter body 304, including
three equidistant accessory lumens 1402 (FIG. 18(a)), two
equidistant accessory lumens 1402 (FIG. 18(b)), and four
equidistant accessory lumens (FI1G. 18(c)). In addition, equi-
distant accessory lumens may be distributed 1n any arbitrary
fashion, and need not be symmetrical or equidistant as
illustrated.

In one embodiment, the column stifiness of body 304 1s
modified to allow for tracking, then increased to deployment
without foreshortening during stiffening.

Embodiment 3
Radial Compression

In one embodiment, the activation means includes con-
troller 320 communicatively coupled to the body 304 and
adapted to place the body 304 in the second state by
subjecting at least a portion of the tubular body to an
increase 1n radial compression. For example, body 304 may
include two fluid impermeable layers defining a pressure-
responsive chamber and at least one interstitial structure
provided within the pressure-responsive chamber. The con-
troller 1s configured to cause a change 1n 1nternal pressure
within the pressure-responsive chamber; and the interstitial
structure 1s adapted to exhibit radial compression 1n
response to the change in internal pressure.

Referring now to FIG. 9, 1n the illustrated embodiment
catheter 300 includes an accessory lumen 902 extending
from chambers 906 to a hub 302. Hub 302 1n this embodi-
ment 1s configured as a standard “Y” fitting, wherein nega-
tive pressure (1.e., a reduction from some baseline pressure)
1s applied be attaching a syringe to luer fitting 910. When
negative pressure 1s applied, chambers 906 collapse and
apply pressure to corresponding body segments 904 (as
illustrated 1 FIGS. 12 and 13). The pressure 1s preferably
great enough to cause a change in stifiness metric of the
allected portion of catheter 300.

In an alternate embodiment shown in FIGS. 10A and 10B,
the body 304 comprises a layered structure 1002 (1.e., an
interstitial component) positioned between two or more
layers of an air-impermeable chamber 1004. To facilitate the
use of negative pressure, the chamber 1004 includes a
flexible polymeric material configured to be non-permeable
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while 1n the bloodstream. The flexible polymeric comprise,
for example, Polyethylene Terephthalate (PET), Polyure-
thane, Fluornated Ethylene Propylene (FEP), Nylons or
Flouropolymers, including Polytetrafluoroethylene (PTFE)
or Expanded Polytetrafluoroethylene (ePTFE), or combina-
tions thereof.

At atmospheric pressure, bending causes the individual
components of layers 1002 to slide across each other with
minimum Iriction. When the individual layers are allowed to
slide and act individually, the resulting stiflness metric 1s
very low. Upon application of negative pressure, however, a
normal (1.e., radial) force 1008 1s created within structure
1002 by the collapse of the tlexible polymeric material 1004.
This normal force 1s translated through the layers, increasing
the layer-to-layer iriction and limiting their ability to slide
with respect to each other. As a result, the stiflness metric of
the structure 1s increased. In an alternate embodiment, the
pressure 1s 1ncreased 1n an adjacent pressure chamber,
thereby causing that chamber to press the adjacent layered
structure.

The layered structure 1002 of the present invention may
be manufactured using a variety of processes, including, for
example, tape wrapping, braiding, serving, coiling, and
manual layup. Suitable materials include, include, fibers/
yarns (Kelvar, nylon, glass, etc), wires (flat or round, stain-
less steel, mitinol, alloys, etc), and/or thin slits of film
(Polyester, Nylon, Polyimide, Fluoropolymers including
PTFE and ePTFE, etc.) In this embodiment, the change 1n
stiflness metric 1s easily reversed by allowing the chamber
pressure to increase (€.g., by relaxation of a syringe attached
to luer fitting 910), thereby decreasing the applied normal
force.

In an alternate embodiment depicted 1n FIG. 11, multiple
discrete air chambers 1102 are distributed along the length
of catheter 300 and can be toggled independently. Chambers
1102 may be composed of differentiated layered structures,
such as layers of slit, thin film 1104. The distal air chambers
may be controlled independently through lumen 1109, while
the proximal air chamber 1s controlled through lumen 1108.
This allows the operator to control the segments 1ndepen-
dently to varying degrees of stiflness change. The lumens
1108 and 1109 may be constructed in a variety ol conven-
tional ways, including evacuation through the annular space
of the chamber, or mndividual lumens of tubing such as
polyimide that either have an open end 1n communication
with the hub, or holes through the sidewall allowing for
unobstructed evacuation.

Embodiment 4
Torsional Activation

In one embodiment, the activation means includes a
controller rotatably coupled to at least two body segments
(1.e., portions of body 304), wherein controller 320 1s
configured to apply a relative rotational force between the
body segments to cause the tubular body to enter the second
state. In one embodiment, two body segments includes an
outer layer, an inner layer, and a torsionally-responsive
structure provided therebetween. In one embodiment, for
example, the torsionally-responsive structure comprises a
substantially cylindrical braided structure.

Embodiment 5
Solidifying Material/Membrane

In one embodiment, body 304 includes at least one
chamber, a selectably solidifiable material provided within
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the inner chamber; and a controller fluidly coupled to the at
least one inner chamber. The solidifiable material 1s adapted
to substantially solidily in response to, for example, UV
radiation, the introduction of a catalyst within the inner
chamber, a temperature change, the introduction of water (1n
the case of hydrophilic particles), acoustic energy (in the
case of an acoustically-active polymer), or an electrical
current or field (in the case of an electroactive polymer).

FIGS. 14 and 15 depict an exemplary embodiment incor-
porating a selectably solidifiable material to eflect transition
to the second state. As shown in FI1G. 14, body 304 1s at least
partially filled with a medium 1404 (for example, within
individual chambers as illustrated) that together can alter the
stiffness metric of catheter 300. In this embodiment, the
medium 1404 1s injected through accessory lumens 1402.
Medium 1404 may be a substance that hardens relatively
quickly, such as a silicone or polyurethane. If medium 1404
requires a catalyst to activate, that catalyst may already
reside within the walls of the body 304 or within the material
ol catheter 300 itsellf.

In one embodiment, medium 1404 1s a slurry of particles
suspended 1n solution as depicted in FIG. 135. In this case, the
walls of body 304 (or membranes provided therein) may be
selectively permeable so to allow a carrier liquid to escape
(e.g., the chamber and/or catheter body walls) while con-
fining the particles themselves. Once these particles build up
and “pack” into the chamber they cause an increased stifl-
ness metric in that section. A variety of suitable particle
materials and sizes can be used. In one embodiment, the
particle possesses neutral buoyancy 1n the selected carrier
liguad. A hydrophilic particle 1s advantageous in that 1t
swells during hydration, causing additional binding and
increased catheter stifiness.

Embodiment 6
Memory Metal

In one embodiment, the activation means includes at least
one metallic structure having shape-memory properties pro-
vided within body 304 and communicatively coupled to a
power source (e.g. a voltage and/or current source located
within controller 320). In one embodiment, the shape-
memory metallic structure comprises a N1/T1 alloy (nitinol).

Conclusion

What has been described are methods and apparatus for
an endovascular catheter that can be 1inserted within tortuous
body anatomies and then selectively stiffened and fixed in
place. In a particular embodiment, this stiflness 1s reversible.
In this regard, the foregoing detailed description i1s merely
illustrative 1n nature and 1s not intended to limit the embodi-
ments of the subject matter or the application and uses of
such embodiments. As used herein, the word “exemplary”
means “‘serving as an example, instance, or illustration.”
Any mmplementation described herein as exemplary 1s not
necessarilly to be construed as preferred or advantageous
over other implementations. Thus, although several exem-
plary embodiments have been presented in the foregoing
description, it should be appreciated that a vast number of
alternate but equivalent varniations exist, and the examples
presented herein are not intended to limit the scope, appli-
cability, or configuration of the invention in any way. To the
contrary, various changes may be made 1n the function and
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arrangement of the various features described herein without
departing from the scope of the claims and their legal
equivalents.
Techniques and technologies may be described herein 1n
terms of functional and/or logical block components, and
with reference to symbolic representations ol operations,
processing tasks, and functions that may be performed by
various computing components or devices.
While at least one exemplary embodiment has been
presented 1n the foregoing detailed description, 1t should be
appreciated that a vast number of vanations exist. It should
also be appreciated that the exemplary embodiment or
embodiments described herein are not intended to limait the
scope, applicability, or configuration of the claimed subject
matter in any way. Rather, the foregoing detailed description
will provide those skilled in the art with a convenient road
map Jor 1mplementing the described embodiment or
embodiments. It should be understood that various changes
can be made in the function and arrangement of elements
without departing from the scope defined by the claims,
which includes known equivalents and foreseeable equiva-
lents at the time of filing this patent application.
What 1s claimed 1s:
1. A catheter apparatus comprising:
a tubular body having a distal end, a proximal end, and a
lumen defined therein, the tubular body having a first
state, wherein the tubular body has a first value of a
stiflness metric, and a second state, wherein the tubular
body has a second value of the stifiness metric that 1s
greater than the first value, the tubular body 1ncluding:
at least two fluid impermeable layers defining a pres-
sure-responsive chamber, and

an 1nterstitial structure provided within the pressure-
responsive chamber and comprising a plurality of
layers including a first cylindrical layer of wrapped
tape and a second cylindrical layer of wrapped tape
coaxial with the first cylindrical layer of wrapped
tape, the first and second cylindrical layers extending
along an entire length of the pressure-responsive
chamber,

the pressure responsive chamber configured to increase
radial compression of the plurality of layers in
response to negative internal pressure in the pres-
sure-responsive chamber and to decrease radial com-
pression of the plurality of layers in response to
non-negative internal pressure 1n the pressure-re-
sponsive chamber,

the decrease 1n radial compression corresponding to a
decrease 1n Iriction between the plurality of layers
along of the interstitial structure and a decrease 1n the
stiflness metric and the increase 1n radial compres-
sion of the plurality of layers of the interstitial
structure corresponding to an increase in iriction
between the plurality of layers of the interstitial
structure and an increase 1n the stiflness metric; and

a controller operatively coupled to the tubular body and
configured to cause a change in the internal pressure
within the pressure-responsive chamber to actuate the
tubular body between the first state and second state.

2. The catheter apparatus of claim 1, wherein the plurality
of layers of the interstitial structure are configured to be
substantially [slideable] sl/idable with respect to each other
during the first state, and be substantially non-slidable with
respect to each other during the second state.

3. The catheter apparatus of claim 2, wherein the plurality
of layers of the interstitial structure each define a substan-
tially cylindrical, helically-wrapped layer.
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4. The catheter apparatus of claam 1, wherein the first
layer of wrapped tape 1s a helically-wrapped ePTFE tape
layer and the second layer of wrapped tape 1s a helically-
wrapped ePTFE layer.

5. A catheter apparatus comprising:

a tubular body having a distal end, a proximal end, and a
lumen defined therein, the tubular body including at
least two fluid impermeable layers defining a pressure-
responsive chamber and an interstitial structure pro-
vided within the pressure-responsive chamber, the
interstitial structure comprising a first layer of wrapped
tape and a second layer of wrapped tape, the first and
second layers of wrapped tape extending along an
entire length of the pressure-response chamber; and

activation means for selectably causing the tubular body
to enter a first state and a second state;

wherein, in the first state, the tubular body has a first value
of a stiflness metric that 1s equal to or less than a
predetermined [navigatibility] navigability threshold:;

wherein, 1n the second state, the tubular body has a second
value of the stiflness metric that 1s greater than the first
value and that 1s greater than or equal to a predeter-
mined rigidity threshold value; and

wherein the activation means includes a controller com-
municatively coupled to the tubular body and adapted
to place the tubular body 1n the second state by sub-
jecting at least a portion of the tubular body to an
increase 1n radial compression by causing negative
pressure within the pressure-responsive chamber
thereby causing the collapse of the pressure-responsive
chamber.

6. The catheter apparatus of claim 5, wherein the inter-
stitial structure 1s adapted to exhibit radial compression 1n
response to a change 1n internal pressure within the pressure
responsive chamber caused by the controller.

7. The catheter apparatus of claim 6, wherein the inter-
stitial structure includes a layered structure having a plural-
ity of layers configured to be substantially [slideable] s/id-
able with respect to each other during the first state, and be
substantially [nonslideable] nron-slidable with respect to
cach other during the second state.

8. The catheter apparatus of claim 5, wherein the pressure-

responsive chamber 1s placed under negative pressure 1n the
second state.

9. The catheter apparatus of claim 5, wherein the control-
ler 1s configured to cause the change of state by pneumatic
activation.

10. The catheter apparatus of claim 3, wherein the con-
troller 1s a syringe.

11. The catheter apparatus of claim 5, further comprising
multiple discrete pressure-responsive chambers distributed
along a length of catheter, and further wherein the activation
means 1s configured to independently pressurize each of the
discrete pressure-responsive chambers.

12. The catheter apparatus of claim 3, wherein the first
layer of wrapped tape 1s a helically-wrapped ePTFE tape
layer and the second layer of wrapped tape 1s a helically-
wrapped ePTFE layer.

13. A catheter comprising:

a catheter body having an outer body laver and an inner
body layer disposed within the outer body laver to
define an air-impermeable chamber there between, at
least one of the inner and outer body layers comprising
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an interstitial component (IC) disposed within the air-
impermeable chamber, the interstitial component hav-
ing at least two opposing portions including a first
cvlindrical layer and a second cylindrical layer coaxial
with the first cylindrical laver and extending along an
entive length of the aiv-impermeable chamber, the at
least two opposing portions disposed between the inner
and outer body layers and positioned to define a first
state wheve the opposing portions are disposed such
that the opposing portions slide across each other with
minimal friction and to define a second state wheve the
opposing portions abut each other such that layer-to-
laver friction limits the opposing portions to slide with
respect to each other, the first state defining a slidable
engagement having a first state stiffness metric, the
second state defining a non-slidable engagement hav-
ing a second state stiffness metric,

wherein a reversible transition from the first state to the

second state is defined by the rveduction of the internal
pressure driving a collapse of the airv-impermeable
chamber during which at least one of the inner and
outer body lavers move towards the other to impart a
radial force on the interstitial component, and

wherein the reversible transition is further defined by a

passive reversal of the collapse of the aiv-impermeable
chamber to at least partially vestove the first state
during which the inner and outer body layers at least
partially move away from each other to reestablish the
space between the at least two opposing portions.

14. The catheter of claim 13, wherein the first cylindrical
laver of the interstitial component has a first surface dis-
posed to face a second surface of the second cylindrical
laver of the interstitial component.

15. The catheter of claim 13, wherein bending of the body
causes the first and second cylindvical lavers of the inter-
stitial component to slide acrvoss one another in the first
state.

16. The catheter of claim 13, wherein the first and second
cvlindrical lavers of the interstitial component are config-
ured to radially compress in vesponse to application of the
radial force.

17. The catheter of claim 16, wherein the radial force
increases a stiffness metric of the interstitial component from
the first state stiffness metric to the second state stiffness
metric.

18. The catheter of claim 13, wherein the first and second
cvlindrical lavers of the interstitial component are config-
ured to radially compress in vesponse to application of a
negative pressure in the air-impermeable chamber.

19. The catheter of claim 18, wherein the first and second
cvlindrical lavers of the interstitial component are config-
ured to exhibit radial compression in response to the nega-
tive change in internal pressure in the air-impermeable
chamber.

20. The catheter of claim 13, wherein the first and second
cvlindrical layers of the interstitial component are formed by
at least one of tape wrapping, braiding, serving, coiling, and
manual layup.

21. The catheter of claim 13, wherein the inner and outer
body layers are configured to move towards one another in
response to collapse of the air-impermeable chamber

22. The catheter of claim 13, whervein both of the inner
and outer layers forming the air-impermeable chamber are
Jormed of flexible polymer material configured to be non-

a flexible polymeric material that is at least partially 65 permeable in a human blood stream.

collapsible upon a reduction of an internal pressure of

the aiv-impermeable chamber; and

23. The catheter of claim 13, wherein the first state is at
a first state pressure approximately equal to atmospheric
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pressure and the second state is at a second state pressure
less than atmospheric pressure.

24. A catheter comprising:

a catheter body having an outer tubular body and an
inner tubular body disposed within the outer tubular >
body to define a pressure chamber between the inner
and outer tubular bodies; and

an interstitial structure comprising a first laver and a
second laver coaxial with the first layer disposed within
the pressuve chamber and extending along an entire
length of the pressure chamber, the first layver disposed
proximate to an inner surface of the outer tubular body
and the second laver disposed proximate to an outer
surface of the inner tubular body,

wherein the catheter comprises a first state defining a first
state stiffness metvic and a slidable engagement
between the first and second lavers,

wherein the catheter further comprises a second state
defining a second state stiffness metrvic and a non- >0
slidable engagement between the first and second lay-
ers,

wherein a first transition from the first state stiffness
metric to the second state stiffness metric is defined by
a collapse of the pressure chamber in response to a 25
reduction in a pressure in the pressure chamber during
which at least one of the inner and outer tubular bodies
move towards the other. and

wherein a second transition from the second state stiffness
metric towards the first state stiffness metric is defined 30
by a passive expansion of the pressure chamber during
which the inner and outer tubular bodies move away
from each other to at least partially reverse the first
fransition.

25. The catheter of claim 24, wherein the first layer and 35
the second layer are configured to slide across each other in
the first state and arve substantially non-slidable in the
second state.

26. The catheter of claim 24, wherein bending of the body
causes the first laver and the second laver to slide across one 40
another in the first state.

27. The catheter of claim 24, wherein the catheter is
configured to transition from the first state stiffness metric to
the second state stiffness metric in response to application of
a radial force. 45

28. The catheter of claim 24, wherein the catheter is
configured to transition from the first state stiffness metric to
the second state stiffness metric to response to rveduction of
a pressure.

29. A catheter comprising: 50

a catheter body defining a catheter axis and having an
outer body layer and an inner body layver disposed
within the outer body laver to define a pressuve cham-
ber between the inner and outer body layers, at least
one of the inner body layer and the outer body layer 55
comprising a flexible polymeric material such that the
pressure chamber is configured to collapse upon the
application of a reduced pressurve within the pressure
chamber, the catheter having a first state in which the
air chamber is in a non-collapsed orientation prior to 60
the application of the reduced pressure and having a
second state in which the aiv chamber is in a collapsed
orientation after the application of the veduced pres-
sure, the inner and outer body lavers in the first state
each having a smooth surface along an axial length of 65
the vespective body layer defining a slidable operation
of the catheter in the first state; and
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an interstitial component including a first component and
a second component coaxial with the first component
disposed within the air chamber between the inner and
outer body layers and extending along the entive length
of the air chamber,

wherein in the second state at least one of the inner and

outer body lavers at least in part deforms along the
axial length of the respective body layer in response to
a normal force defining a vigid non-slidable operation
of the catheter in the second state, and

wherein in the second state at least one of the first and

second components are repositioned by the normal
force to permit engagement between the first compo-
nent and the second component further defining the
rigid non-slidable operation of the catheter in the
second state.

30. The catheter of claim 29, whevrein the first and second
components are configured to move toward one another to
transition between a first state stiffness metric and a second
state stiffness metric.

31. The catheter of claim 29, wherein the first and second
components move towards one another in vesponse to appli-
cation of a vacuum to the pressure chamber.

32. The catheter of claim 29, wherein the interstitial
component is configured to transition between a navigable
configuration corresponding to the first state and a rvigid
configuration corrvesponding to the second state.

33. The catheter of claim 32, wherein the interstitial
component includes non-axial surfaces in the navigable
configuration and axial surfaces in the rigid configuration.

34. The catheter of claim 32, wherein the pressure cham-
ber is configured to collapse to result in the body having a
fivst stiffness metric along a first curvaturve axis and a second
stiffness metric along a second curvature axis.

35. The catheter of claim 34, wherein the second curva-
ture axis is orthogonal to the first curvature axis.

36. The catheter of the claim 35, wherein the inner and
outer body layvers arve configured to move toward one
another to vesult in the body having the first and second
stiffness metrics.

37. The catheter of claim 36, wherein at least one of inner
and outer body layvers are configured to warp from an axially

aligned state to a non-axially aligned state in response to
application of a vacuum to the pressure chamber.

38. The catheter of claim 37, wherein the interstitial
component includes non-axially aligned surfaces in the
navigable configuration and substantially axially aligned
surfaces in the rvigid configuration and the vacuum is con-
figured to tramsition the interstitial component between the
navigable configuration and the vigid configuration.

39. The catheter of claim 37, wherein axial movement
between the inner and outer body layers is opposed in the
rigid comnfiguration.

40. The catheter of claim 39, wherein the inner and outer
body layers collapse toward one another to arrest movement
between the inner and outer body lavers in the rigid con-
figuration.

41. The catheter of claim 29, wherein the catheter body
includes a plurality of segments defining non-axial surfaces.

42. The catheter of claim 29, wherein the catheter body
includes two or more zones, and each of the two or more
zones include a zone stiffness metric.

43. The catheter of claim 42, wherein the zone stiffness
metric of each of the two or more zones is variable between
the two or movre zones.
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44. A method of increasing a stiffness metric of a catheter
from a first state having a flexible ovientation to a second
state having a comparatively rigid ovientation, the method
COmprising:
reducing pressure in a pressure chamber within a catheter
body of the catheter to apply an inwardly radial force;

advancing a first interstitial component within the pres-
sure chamber towards a second interstitial component
within the pressurve chamber to engage irregular sur-
Jaces of the first and second interstitial components to
defining a non-sliding engagement between the first
and second components in the second state

whevrein the first interstitial component and the second

interstitial component are coaxial layers that extend
along the entire length of the pressuve chamber.

45. The method of claim 44, wherein advancing the first
interstitial component within the pressure chamber towards
the second interstitial component includes sliding the first

interstitial component relative to the second interstitial
component to transition between the first state stiffness
metric in the first state and the second state stiffness metric
in the second state.

46. The method of claim 44, wherein the catheter body
includes an outer body layer and an inner body laver to
define the pressurve chamber, and veducing pressure in the
pressure chamber includes applyving a vacuum to the pres-
sure chamber to move the outer body layver and the inner
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body layer toward one another to transition between the first
state stiffness metvic and the second state stiffness metric.

47. The method of claim 46, wherein applying the vacuum
to the pressure chamber includes warping at least one of the
outer body layer and the inner body layer from an axially
aligned state to a non-axially aligned state.

48. The method of claim 47, wherein applying the vacuum
includes transitioning the body between a navigable con-
figuration corvesponding to the first state and a rigid con-
figuration corresponding to the second state.

49. The method of claim 48, whervein the catheter body
includes non-axially aligned surfaces in the navigable con-
figuration and substantially axially aligned surfaces in the
rigid configuration and applying the vacuum to the pressure
chamber transitions the lavered structuved between the
navigable configuration and the vigid configuration.

50. The method of claim 44, whevein the catheter body
includes two ov more zones, and each of the two or more
zones include a zone stiffness metric and the zone stiffness
metric of each of the two or more zones is variable between
the two or movre zones.

51. The method of claim 44, wherein rveducing pressure in
the pressurve chamber includes collapsing the pressure
chamber to place the catheter body in the first stiffness
metric along a first curvatuve axis and the second stiffness
metric along a second curvature axis that is orthogonal to
the first curvature axis.
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