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DIFFERENTIALLY EXPANDED VASCULAR GRAFT

Cross-Reference to Related Application

This international application claims priority to U.S. Patent Application No.
11/026,777 filed December 31, 2004, the entire disclosure of which is hereby incorporated by

reference herein.

Field of the Invention

The present invention relates generally to a vascular graft formed of
polytetrafluoroethylene (PTFE). More specifically, the present invention relates to such a
vascular graft having longitudinally expanded portions distributed longitudinally along the
graft, where the longitudinal expansion of the portions differs such that the microstructure of
the graft varies longitudinally along the length thereof. Also, the present invention relates to

a method and apparatus for making the vascular graft.

Background of the Invention

It is well known to use extruded tubes of polytetrafluoroethylene (PTFE) as
implantable intraluminal prostheses, particularly vascular grafts. PTEFE is particularly
suitable as an implantable prosthesis as it exhibits superior biocompatibility. PTFE tubes
may be used as vascular grafts in the replacement or repair of a blood vessel as PTFE exhibits
low thrombogenicity. In vascular applications, the grafts are manufactured from expanded
polytetrafluoroethylene (éPTFE) tubes. These tubes have a microporous structure which
allows natural tissue ingrowth and cell endothelization once implanted in the vascular system.

This contributes to long term healing and patency of the graft.

Grafts formed of ePTFE have a fibrous state which is defined by interspaced nodes

interconnected by elongated fibrils. The spaces between the node surfaces that is spanned by
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the fibrils is defined as the internodal distance (IND). A graft having a large IND may
enhance tissue ingrowth and cell endothelization by a significant portion of the graft having
interior voids some of which provide passages through the tube wall between the outer and

inner surfaces thereof. This provides the graft with porosity.

Microporous ePTFE tubes for use as vascular grafts are known. The porosity of an
ePTFE vascular graft may be controllably varied by controllably varying the IND. For
example, an increase in the IND within a given structure may result in an increased porosity,
i.e., increased pore size, by increasing the distance between nodes resulting in thinning of the
fibrils. This, in turn, results in larger voids, i.e., pores, in the ePTFE material. Increased
porosity typically enhances tissue ingrowth as well as cell endothelization along the inner and

outer surface of the ePTFE tube.

Increasing the porosity of an ePTFE tube, however, may limit other properties of the
tube. For example, increasing the porosity of the tube may reduce the overall radial and
tensile strength thereof as well as reduce the ability of the graft to retain a suture placed in the
tube during implantation. Such a suture typically extends through the wall of the graft. Also,
such microporous tubes tend to exhibit low axial tear strength, so that a small tear or nick will
tend to propagate along the length of the tube. Thus, if the ePTFE tube has a uniform
porosity along its length, the degree of porosity of therein may be limited by the strength

requirements of the tube.

Alternatively, if the strength requirements for the PTFE tube may be satisfied by
selected longitudinal sections of the tube having the required strength, then it may be possible
for other longitudinal sections of the tube to have an elevated porosity, even if such other
longitudinal sections have limited strength. For example, it may be desirable for selected

axial portions of the ePTFE tube to have sufficient stiffness to prevent kinking. Such
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stiffness may be provided by increasing the stiffness of such axial portions where such axial
portions have an annular cross-section and accordingly, the shape of individual rings. Such
axial portions may typically be spaced apart from one another longitudinally and nevertheless
provide the necessary stiffness to the vascular graft. Therefore, the portions of the graft
between stiffened axial portions may have a lower requirement for strength and may

therefore have a higher porosity.

Another example of one or more selected axial portions of a vascular graft having
increased requirements for strength is where such one or more portions are to be pierced for
insertion of a suture therethrough. If the portion of the graft to be pierced can be identified
just prior to the piercing, then other longitudinal sections of the graft may have lower strength

requirements and therefore have a higher porosity.

Another possible technique for increasing the radial tensile and axial tear stren gth of
microporous ePTFE tubes is to modify the structure of the extruded PTFE tubing during
formation so that the resulting expanded tube has non-longitudinally aligned fibrils. Forming
an expanded PTFE tube with non-longitudinally aligned fibrils is typically difficult as it may
require extrusion of the tube using complex equipment before expansion of the tube. Other
possible methods for forming non-longitudinally aligned fibrils would be expected to be

complex.

Additional properties, which may or may not be related to porosity and strength, may
be desirably varied along the length of a ePTFE tube. For example, it may be desirable for
the density of the tube to vary for different longitudinal positions on the tube. Density may
be related to porosity, e.g., inversely proportional thereto, since the greater the voids in a

selected section of the ePTFE tube, the lower the weight of the section.
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Another property of an ePTFE tube which may desirably be varied along the length
thereof is the number and thickness of the fibrils connecting individual nodes. This property
may also be related to porosity because increasing the number and thickness of such fibrils
may reduce the size of the voids in the ePTFE tube and thereby reduce the porosity thereof.
Accordingly, if the number and thickness of fibrils is not reduced by an increase in the IND,

then such an increase may not result in an increased porosity of the ePTFE tube.

A further property of an ePTFE tube which may be desirably varied along the length
thereof is the length of the fibrils connecting individual nodes. Increasing the length of the
fibrils increases the flexibility of the ePTFE tube, even if the number and thickness of the

fibrils is not changed.

A possible technique for varying the properties of an ePTFE along the length thereof
may include longitudinally expanding the entire tube and then longitudinally compressing
selected axial portions thereof. Such longitudinal compression typically results in a decrease
in the IND, and decreased porosity in the compressed axial portions. Also, such longitudinal
compression typically results in bending or folding of the fibrils. Also, the microstructure
resulting therefrom differs significantly from the node and fibril microstructure which would
be caused by longitudinal expansion of the axial portion to the same axial dimension as

results from the longitudinal compression.

Summary of the Invention

The differentially expanded vascular graft of the present invention is for implantation
within a body. The vascular graft includes a PTFE tube formed of a homogeneous material.
The PTFE tube has a longitudinal first portion which has been longitudinally expanded, and a
longitudinal second portion which has been longitudinally expanded. The first and second

portions have respective microstructures which are different from one another. A method and
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apparatus for making the differentially expanded vascular graft of the present invention

facilitates the formation of the various expanded portions of the PTFE tube.

One of the characteristics of the microstructures of the first and second portions which
may be different are the respective INDs for the portions. This, in turn, typically results in
other properties of the first and second portions being different, such as porosity,
permeability, density or strength. This enables the formation of a vascular graft selected
portions of which have respective properties, the combination of which may be difficult to
provide in a single graft made according to conventional techniques. Thus, for example, a
single graft of the present invention may have some portions with high porosity and other

portions with low porosity.

These and other features of the invention will be more fully understood from the
following description of specific embodiments of the invention taken together with the

accompanying drawings.

Brief Description of the Drawings

In the drawings:

Fig. 1 is a side elevational Qiew of the differentially expanded vascular graft of the
present invention, the graft having annular portions which have been expanded longitudinally

by different amounts;

Fig. 2 is a longitudinal cross-sectional view of the differentially expanded vascular

graft of Fig. 1 in the plane indicated by line 3-3 of Fig. 1;
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Fig. 3 is a generalized schematic view of an alternative embodiment of the
differentially expanded vascular graft of Fig. 1, the graft having annular expanded portions

which have different microstructures;

Fig. 4 is a block diagram showing a method for making a differentially expanded
vascular graft of the present invention, the method including longitudinally expanding the

respective portions of the vascular graft by different amounts;

Fig. 5 is a block diagram showing an alternative method for making a differentially
expanded vascular graft of Fig. 4, the method including expanding the respective portions of

the vascular graft and verifying the corresponding microstructures of the portions; and

Fig. 6 is a schematic diagram showing an apparatus for making a differentially
expanded vascular graft of the present invention, the apparatus including a pair of clamps for

expanding an intermediate portion of the extrudate.

Corresponding reference characters indicate corresponding parts throughout the

several views of the drawings.

Detailed Description of the Invention

Referring to the drawings and more particularly to Figs. 1 and 2, a differentially
expanded vascular graft 10 is shown for implantation within a body. The vascular graft 10
includes a PTFE tube 12 formed of homogeneous material. The tube 12 has longitudinal first
and second portions 14, 16 in alternating relation as shown in Fig. 1. The first and second
portions 14, 16 have been longitudinally expanded by different amounts. For example, in the
embodiment of Fig. 1, the first portions 14 have each been longitudinally expanded such that

the lengths thereof increase by 200%. The second portions 16 have each been longitudinally
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expanded such that the lengths thereof increase by 600%. The respective amounts of the
expansion of the first and second portions 14, 16 result in the PTFE material of the first
portions_14 having generally the same microstructures and the PTFE material of the second
portions 16 having generally the same microstructure. Further, the different amounts of
expansion result in the microstructures of the first portions 14 being different from the
microstructures of the second portions 16. The microstructures of the first and second

portions 14, 16 may be locked by sintering thereof.

The first and second portions 14, 16 of the PTFE tube 12 each have annular cross-
sections such that each portion has a ring-shape, as shown in Fig. 2. The respective outer and
inner diameters of each of the portions 14, 16 are the same. The respective lengths of the
portions 14, 16 are different. The respective longitudinal expansions which provide the
lengths of the portions 14, 16 may constitute the complete longitudinal expansion of the
PTEE tube 12 such that the length thereof after the respective longitudinal expansions is the

target length.

In alternative embodiments of the vascular graft 10, the first and second portions 14,
16 may be expanded by amounts other than the 200% and 600% of Fig. 1. Also, the PTFE
tube 12 may have additional longitudinal portions which are expanded by further differing

amounts.

A generalized schematic view of an alternative embodiment of the vascular graft 20 is
shown in Fig. 3. The vascular graft 20 includes a PTFE tube 22 formed of homogeneous
material and having longitudinal first, second, and third portions 25, 27, 29 which have
different microstructures. While the microstructures differ, the chemical composition of the
portions 25, 27, 29 are the same thereby making the material of the PTFE tube 22

homogeneous. The different microstructures of the portions 25, 27, 29 result from respective
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longitudinal expansions thereof. The desired microstructures of the portions 25, 27, 29 of the

PTEE tube 22 may be locked by sintering thereof.

The different microstructures of the portions 25, 27, 29 of the PTFE tube 22 each
have a fibrous state which is defined by interspaced nodes which are interconnected by
elongated fibrils, referred to herein as a "node and fibril microstructure". The distance
between adjacent nodes which is spanned by the fibrils is defined as the internodal distance
(IND). The microstructures of the portions 25, 27, 29 each have corresponding INDs which
differ according to the differences in the respective microstructures. The INDs for the

corresponding portions 25, 27, 29 are indicated by the suffixes (25), (27), (29) in Fig. 3.

The node and fibril microstructure includes spaces between the outer surfaces of the
nodes and fibers which provide the microstructure with pores. Typically, these pores result in
porosity which typically increases with increasing IND (29), 27), (29) because a large IND
normally provides greater flexibility of fibers to increase porosity. It is possible to have a
relatively larger IND (25), (27), (29) with a relatively large number or thickness of fibrils
between the nodes. This would also increase the length of the fibrils which would result in

greater flexibility thereof and increased porosity.

The microstructures of the portions 25, 27, 29 each have corresponding pore sizes
which differ according to the differences in the respective microstructures. The pore sizes
may be indicated by across areas which are the areas of the pores included in defined areas of
a plane which is perpendicular to a radius of the PTFE tube 22. The respective across areas
for the portions 25, 27, 29 therefore differ from one another according to the differences in
pore sizes. The across areas for the corresponding portions 25, 27, 29 are indicated by the

suffixes (25), (27), (29) in Fig. 3.
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Alternatively, the respective node and fibril microstructures may differ by the size and
shape of the nodes. Typically, a microstructure having large nodes has fewer fibrils and a
microstructure having small nodes has more fibrils. Expansion of the PTFE tube 22 normally
produces nodes which are smaller because material is transferred therefrom to the fibrils to
provide increased length of the fibrils. Typically, the thickness of the fibrils remains
generally constant during such expansion. Expansion of PTFE, such as by 200%, may
produce microstructures having small or large nodes, long or short fibrils, and different
numbers of fibrils and nodes, such that these characteristics of the microstructure are

normally independent of the expansion percentage.

Also, nodes which are relatively large normally limit the size of the pores since the
relatively large nodes limit the space available in the tube wall for the pores. Conversely,
relatively small nodes typically result in increased pore sizes. The shape of the nodes may
affect the microstructure, such as by providing an external surface which affects the
connection of the fibrils to the nodes. For example, nodes having a relatively large, uniform
outer surface area may facilitate connection of the fibrils thereto, including the connection of
Jarge numbers of fibrils or fibrils having a relatively large thickness. Also, the shape of the
nodes may be sufficiently uniform to enable the extension of fibriis therefrom in various

directions.

Groups of the pores within the node and fibril microstructure of the PTFE tube 22 are
typically interconnected to provide passageways, which are typically tortuous and partially
non-radial, through the respective tube walls of the portions 25, 27, 29 between the inner and
outer surfaces thereof. This provides the portions 25, 27, 29 with respective porosities and
permeabilities allowing gas and liquid to flow through the respective tube walls of the

portions 25, 27, 29 between the inner and outer surfaces thereof. Such flow of gas or liquid
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typically occurs during test conditions when the pressure of the gas or liquid is elevated.
During normal use of the PTFE tube 22 within the body of a patient, fluid does not flow
through the walls of the portions 25, 27, 29. The porosities and permeabilities may be
different for the respective portions 25, 27, 29 depending upon the resistance to gas and
liquid flow through the respective tube walls. The porosities and permeabilities for the

corresponding portions 25, 27, 29 are indicated by the suffixes (25), (27) (29) in Fig. 3.

The different permeabilities in the portions 25, 27, 29 result in the respective portions
having different permeation rates, indicated by the suffixes (25), (27), (29) in Fig. 3. The
permeation rates are the respective speeds with which a gas, such as air, or liquid flows
through a corresponding wall of the portions 25, 27, 29. Usinga liquid to measure the
permeability of the portions 25, 27, 29 may result in the liquid directing forces against the
portions which exceed the strength thereof. Using a gas to measure the permeability of the
portions 25, 27, 29 normally results in the gas directing forces against the portions which are

below the strength thereof.

The different node and fibril microstructures may also result in the portions 25, 27, 29
of the PTFE tube 22 having different densities. The densities of corresponding portions 25,
27, 29 are indicated by the suffixes (25), (27), (29) in Fig. 3. The density of the portions 25,
27, 29 is typically inversely related to the spaces between the nodes and fibrils. This results
from spaces between the nodes and fibrils reducing the amount of PTFE material present in a

specific portion of the PTFE tube 22.

The different node and fibril microstructures may also result in the portions 25, 27, 29
of the PTFE tube 22 having different tensile strengths, and different circumferential hoop
strengths. These tensile strengths and circumferential hoop strengths for the corresponding

portions 25, 27, 29 are indicated by the suffixes (25), (27), (29) in Fig. 3.

10
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Typically, fast longitudinal expansion results in high tensile strength and slow
longitudinal expansion results in low tensile strength. The strength of the PTFE tube 22
following longitudinal expansion thereof may also be related to porosity since high porosity
may result in low strength of the PTFE tube because the pores or spaces therein do not
contain material which may provide strength to the PTFE tube. Conversely, low porosity
may result in high strength of the PTFE tube 22. Other aspects of the PTFE tube 22 which
affect the strength thereof may be affected by the longitudinal expansion of the PTEE tube.
For example, the direction of the expansion of the PTFE tube 22 may produce a node and
fibril microstructure in which the fibrils thereof have a specific orientation such as
longitudinal, radial or inclination therebetween which may have a corresponding effect on the
tensile or circumferential hoop strength of the PTFE tube. The ability to expand the PTFE
tube 22 in a radial direction may be limited, although such expansion may be produced in the
PTFE tube 22 by supplying air having an elevated pressure to the internal region thereof.
Biaxial expansion of the PTFE tube 22, such as contemporaneous longitudinal and radial
expansion thereof, is possible by supplying air having an elevated pressure to the internal
region of the PTFE tube 22 during the Jongitudinal expansion of the PTFE tube. Itis
normally required to hold the expansion the PTFE tube 22 physically, such as by clamping

the ends of the expanded portions, before the sintering thereof.

The differences in the node and fibril microstructures may include differences in the
respective fibril thicknesses for the portion 25, 27, 29 of the PTFE tube 22. The fibril
thicknesses are the total thicknesses of all of the fibrils connected between adjacent nodes of
respective microstructures. The fibril thicknesses for the corresponding portions 25, 27, 29
are indicated by the suffixes (25), (27), (29) in Fig. 3. These differences may affect various
properties of the respective node and fibril microstructures, including porosity, across area,

permeability, density, and strength.

11
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The portions 25, 27, 29 of the PTFE tube 22 each may have annular cross-sections
such that each portion has a ring-shape. The respective outer and inner diameters of each of
the portions 25, 27, 29 may each be the same. The respective lengths of the portions 25, 27,
29 may be substantially different. The respective longitudinal expansions which provide the
lengths of the portions 25, 27, 29 may constitute the complete longitudinal expansion of the
PTFE tube 22 such that the length thereof after the respective longitudinal expansions is the

target length.

A method 30 for making the first and second portions 14, 16 of the vascular graft 10
is represented by the block diagram of Fig. 4. The method 30 includes providing 31 an un-
sintered PTFE green tube extrudate 12, including the first and second portions 14, 16, formed
of homogeneous material. The homogeneous material of the PTFE tube 12 is provided bya

material having a uniform chemical composition.

The method 30 further includes longitudinally expanding 32 the green tube extrudate
12, including all of the first and second portions 14, 16, such that the lengths of each of the
first and second portions increases by 200%. The first portions 14 are each sintered 33 to

lock the microstructures and prevent further expansion thereof.

The method 32 further includes longitudinally expanding 34 the green tube extrudate
12, including all of the first and second portions 14, 16, such that the lengths of each of the
second portions increases by 600%. The sintering 33 of the first portions 14 prevents further
expansion thereof such that the expansion 34 does not produce further significant expansion
of the first portions. As a result, the expansion of the first portions 14 of 200% is not

significantly changed by the expansion 34.

12
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The method 32 includes sintering 35 the green tube extrudate 12, including all of the
first and second portions 14, 16, to lock the microstructures of the second portions 16 and
prevent further expansion thereof. Inclusion of the first portions 14 in the sintering 33 is not
required since the microstructures of the first portions 14 were previously locked by the
sintering 33. However, inclusion of the first portions 14 in the sintering 35 simplifies the
performance thereof since sintering of the second portions 16, without sintering the first.
portions 14, is not required. This enables a single sintering process to be used
contemporaneously for each of the first and second portions 14, 16, such as by heating the

entire tube 12 in an oven.

The respective microstructures of the portions 25, 27, 29 may be produced according
to the method 36 represented by the block diagram of Fig. 5. The method 36 includes
providing 37 a PTFE tube 22, including the portions 25, 27, 29, formed of homogeneous
material. The homogeneous material of the PTFE tube 22 is provided by a material having a
uniform chemical composition. The provision 37 of the PTFE tube 22 may include the PTFE

tube being an un-sintered green tube extrudate.

The method 36 further includes performing respective longitudinal expansions 38, 39,
41 of the portions 25, 27, 29 of the PTFE tube 22 to produce corresponding microstructures
therein. The longitudinal expansions 38, 39, 41 produce respective microstructures in the

portions 25, 27, 29 such that the microstructures are different.

The differences in the microstructures may be produced by the longitudinal
expansions 38, 39, 41 producing different percentage increases of the corresponding portions
25,27, 29 of the PTFE tube 22. The percentage increases produced by the corresponding
longitudinal expansions 38, 39, 41 are indicated by the suffixes (38), (39), (41) in Fig. 5. The

percentage increases (38), (39), (41) are the proportional increases in length of the portions

13
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25, 27, 29 produced by the associated longitudinal expansions 38, 39, 41. The proportional
increase is relative to the length of the respective portion 25, 27, 29 just before the associated

longitudinal expansion 38, 39, 41.

The differences in the microstructures may result from longitudinally expanding 38,
39, 41 the portions 25, 27, 29 according to different stretch rates. The stretch rates of the
respective longitudinal expansions 37, 39, 41 are indicated by the suffixes (38), (39), (41) in
Fig. 5. The stretch rates (38), (39), (41) are the respective increases in the length of the
portions 25, 27, 29 divided by the corresponding time periods during which the respective

lengths are increased.

The longitudinal expansions 38, 39, 41 at different stretch rates (38), (39), (41) may
result in different percentage increases (38), (39), (41) in the portions 25, 27, 29, or generally
the same percentage increases. Such percentage increases (38), (39), (41) will be affected by
the duration of the respective expansions 38, 39, 41 and the lengths of the portions 25, 27, 29

before the expansions.

The differences in the microstructures may be produced by heating 43, 45, 47 the
portions 25, 27, 29 to different temperatures shortly before the respective expansions 38, 39,
41. This heating 43, 45, 47 of each of the portions 25, 27, 29 is timed to be before the

corresponding expansions 38, 39, 41.

Also, the differences in the microstructures may be produced by heating 50, 52, 54 the
portions 25, 27, 29 to different temperatures during the respective expansions 38, 39, 41.
These temperatures applied to each of the portions 25, 27, 29 are timed to be during the

corresponding expansions 38, 39, 41.

14
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Additionally, the portions 25, 27, 29 may be heated both shortly before 43, 45, 47 and
during 50, 52, 54 the respective expansions 38, 39, 41 to produce the different

microstructures.

The method 36 further includes measuring 57 respective characteristics of the
microstructures of the portions 25, 27, 29 which result from the respective expansions 38, 39,
41. This measuring 57 may be performed by a device which generates measurement signals
59 indicative of the respective measured characteristics. The device may provide a visual
display based on the generation of the measurement signals 59 for direct viewing by a user
who may determine therefrom whether the measured characteristics are the same as or
sufficiently close to a reference indicative of acceptable microstructures. The user may
alternatively determine, from viewing the visual display, that one or more of the measured

characteristics are neither the same as nor sufficiently close to the reference to be acceptable.

Alternatively, the generation of the measurement signals 59 may provide electrical
signals for transmission to an electronic processor, such as a microprocessor of a computer.
Such an electronic processor may be programmed to compare the measurement signals to the
reference 61 and generate an acceptability signal 63 for those measurement signals which are
the same as or sufficiently close to the reference. The electronic processor may be further
programmed to generate a non-acceptability signal 65 for those measurements signals which
are neither the same as nor sufficiently close to the reference. The electronic processor is
connected to a display device for receiving the acceptability or non-acceptability signals from
the electronic processor and to communicate to the user whether the respective characteristics
measured for the portions 25, 27, 29 are acceptable. If non-acceptability signals are
generated 65, further expansions 38, 39, 41 and/or heating of the corresponding portions 25,

27, 29 to specific temperatures shortly before 43, 45, 47 and/or during 50, 52, 54 the

15
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expansions are possible to attempt to produce acceptable microstructures in the PTFE tube

22, as shown in Fig. 5.

One of the characteristics of the microstructures of the portions 25, 27, 29 which may
be measured 57 are the respective INDs of the portions 25, 27, 29. The INDs measured in

each of the portions 25, 27, 29 are indicated by the suffixes (25), (27), (29) in Fig. 5.

Alternative characteristics of the microstructures of the portions 25, 27, 29 which may
be measured 57 are the respective permeation rates of the portions 25, 27, 29. The
permeation rates measured in each of the portions 25, 27, 29 are indicated by the suffixes

(25), (27), (29) in Fig. 5.

A further alternative characteristic of the microstructures of the portions 25, 27, 29
which may be measured 57 are the respective tensile strengths of the portions 25, 27, 29. The
tensile strengths measured in each of the portions 25, 27, 29 are indicated by the suffixes

(25), (27), (29) in Fig. 5.

A further alternative characteristic of the microstructures of the portions 25, 27, 29
which may be measured 57 are the respective circumferential hoop strengths of the portions
25,27, 29. The circumferential hoop strengths measured in each of the portions 25, 27, 29

are indicated by the suffixes (25), (27), (29) in Fig. 5.

The method 36 includes sintering each of the portions 25, 27, 29 of the PTFE tube 22
following the corresponding expansions 38, 39, 41 thereof to lock the respective
microstructures. It may be preferred for the sintering 67 to follow the determinations that the
microstructures of the respective portions 25, 27, 29 are acceptable, such as by following the
generation of the acceptability silgnals 63. This provides for the performance of further

heating 43, 45, 47 and/or further expansions and heating 38, 39, 41 of one or more of the
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portions 25, 27, 29, if necessary, to produce acceptable microstructures therein before the
sintering 79, 81, 83 thereof, as indicated by the reference numeral 69 in Fig. 5. Such further
processing, such as by heating 43, 45, 47 and/or expansions and heating 38, 39, 41, may be
followed by measurements of the characteristics 57 of the portions 25, 27, 29 on which such
further processing was performed, as indicated by the reference numeral 7 0in Fig. 5. Such
measurements 57, and the subsequent comparisons to the reference 61, indicate whether
acceptable microstructures in the portions 25, 27, 29 have been obtained or whether more of
such further processing is required. This provides for possible iterations to produce

acceptable microstructures which, once obtained, are then sintered 67 for locking thereof.

When the microstructures of each of the portions 25, 27, 29 is determined to be
acceptable, such as by generation of corresponding acceptability signals 63, the sintering 67
is preferably performed as shortly thereafter as possible to lock the acceptable
microstructures and prevent any unintended changes in the microstructures which, if
sufficient, could result in the microstructures becoming unacceptable. For example, the
microstructures may change after the expansions 38, 39, 41 and before the sintering 67 as a
result of retraction of the portions 25, 27, 29. Such retraction may be prevented by forcibly
retainirfg the portions 25, 27, 29 in their éxpanded dimension, such as by grasping the ends of
the portions, after expansion, by clamps or retaining rings. Such grasping may, however,
leave an imprint on the portions 25, 27, 29 which may be undesiréble. The extent of such an

imprint may be lessened by the sintering 67 being soon after the expansions 38, 39, 41.

It is also possible for the retraction to be limited by the contact between the portions
25, 27, 29 and the outer surface of the mandrel on which the PTFE tube 23 may be supported
during the processing thereof. Such limitation of the retraction typically requires the contact

between the PTFE tube 23 and the outer surface of the mandrel to prevent longitudinal
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translation of the PTFE tube relative thereto. Such prevention of longitudinal translation may

be provided, for example, by the inner surface of the PTFE tube 23 being sticky.

Ordinarily, the PTFE tube 23 is required to be prevented from retraction by some type
of restraint after expansion and before sintering 67. Otherwise, at least some retraction and

resultant redistribution of the node and fibril microstructure may be expected.

Alternatively, it is possible for each of the portions 25, 27, 29 of the PTFE tube 22 to
be sintered shortly after each of the corresponding expansions 38, 39, 41 and before the
measurements 57 of the respective microstructures of the portions 25, 27, 29. Such sinterings
are indicated by the reference numerals 71, 73, 75 and by broken lines to signify an
alternative to the sintering 67. In this embodiment of the method, a PTFE tube 22 in which
the microstructure is not acceptable in at least one of the portions 25, 27, 29 would likely be
discarded since further alteration of such a microstructure for acceptability thereof, such as by
further expansions 38, 39, 41 and/or heating 43, 45, 47, 50, 52, 54 of the portions 25, 27, 29,
may be limited as a result of the sintering. Sintering before the measurements of the
respective microstructures of the portions 25, 27, 29 may be advantageous, if acceptable
microstructures therein are produced after the initial expansions 38, 39, 41 and/or heating 43,
45, 47, 50, 52, 54 of the portions 25, 27, 29, by reducing the opportunity for undesirable
alteration of the microstructures which could possibly occur before or during the
measurements of the microstructures 57 and associated determinations of the acceptability

thereof 61, 63, 65.

As described in the foregoing, the method 36 may include performing different
longitudinal expansions 38, 39, 41 on the respective portions 25, 27, 29 of the PTFE tube 22
to produce different microstructures therein. Alternatively, it is possible to perform the same

expansions 38, 39, 41 on the respective portions 25, 27, 29 where the portions have different
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physical characteristics before the expansions to produce different microstructures in the
portions 25, 27, 29 after the expansions. Differences in the physical characteristics of the
portions 25, 27, 29 before the expansions 38, 39, 41 may be provided by different
microstructures, which may be due to different INDs, or dimensions, such as the different
thicknesses of the portions 25, 27, 29. Also, differences in the physical characteristics may
be provided by pre-sintering sections of the portions 25, 27, 29, such as in the shape of
circumferential rings or elongate longitudinal sections, before the expansions 38, 39, 41.
Examples of such pre-sintering are disclosed in the_U.S Patent Application filed in the
USPTO on even date herewith and titled “Sintered Ring Supported Vascular Graft”, having
as the inventors Jamie Henderson and Dennis Kujawski, and identified by the Attorney
Docket No. 760-160. Such differences in the physical characteristics of the portions 25, 27,
29 may be present in a PTFE tube 22 formed of homogeneous material since such a tube may
have the same chemical composition while the portions 25, 27, 29 thereof differ in one or

more of the physical characteristics.

An apparatus 80 for making a differentially expanded vascular graft 20 is shown
schematically in Fig. 6. The apparatus 80 includes a base 82 and a support fixture 84
mounted thereon. The support fixture 84 provides support for a PTFE tube 86, which may be
a green tube extrudate. The support fixture 84 may include a mandrel on which the PTFE

tube 86 may be supported.

The apparatus 80 further includes a first clamp 88 which is mounted on the base 82.
The first clamp 88 is able to grip the PTFE tube 86 at a longitudinal first position 90 along
the length thereof such that the first clamp is longitudinally fixed to the PTFE tube. The first

position 90 is between the ends of the PTFE tube 86.
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The apparatus 80 further includes a second clamp 91 mounted on the base 82. The
second clamp 91 is able to grip a longitudinal second position 92 along the length of the
PTEE tube 86 such that the second clamp is longitudinally fixed thereto. The second position

92 is between the ends of the PTFE tube $6.

The first and second clamps 88, 91 may be longitudinally displaced in opposite
longitudinal directions 94 each of which is parallel to the longitudinal axis of the PTFE tube
86 when the PTFE tube is supported by the support fixture 84. Such longitudinal
displacement of the first and second clamps 88, 91 increases the distance therebetween in the

longitudinal direction 94.

The apparatus 80 provides for such displacement the first and second clamps 88, 91 in
the longitudinal directions 94 when the PTFE tube 86 is supported by the support fixture 84
and gripped between the first and second clamps. This results in longitudinal expansion of

the portion of the PTFE tube 86 which is gripped between the first and second clamps 88, 91.

It is possible for the apparatus 80 to have either the first or second clamp 88, 91 fixed
relative to the base 82 to prevent longitudinal displacement of the fixed one of the first and
second clamps when the PTFE tube 86 is supported by the support fixture 84 and the PTFE
tube is gripped by the first and second clamps. In such an apparatus 80, the other of the first
or second clamps 88, 91 may be longitudinally displaced in the longitudinal direction 94 to
increase the distance between the first and second clamps in the longitudinal direction. This
results in the longitudinal expansion of the portion of the PTFE tube 86 which is gripped

between the first and second clamps 88, 91.

The apparatus 80 includes a displacement controller 96 connected to the first and

second clamps 88, 91 for control of the respective longitudinal displacements thereof. The
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displacement controller 96 produces specific longitudinal displacements of the first and
second clamps 88, 91 resulting in a corresponding longitudinal expansion of a specific
amount in the portion of the PTFE tube 86 which is gripped between the first and second
clamps. The displacement controller 96 may be adjustable to provide for variable
longitudinal displacements of the first and second clamps 88, 91 to longitudinally expand by
corresponding specific amounts the portion of the PTFE tube 86 which is gripped between

the first and second clamps.

The displacement controller 96 may provide for control of the speed of the
longitudinal displacement of the first and second clamps 88, 91 such that the longitudinal
displacement produces a corresponding stretch rate of longitudinal expansion of the portion
of the PTFE tube 86 which is gripped between the first and second clamps. The stretch rate
is defined as the increase in the length of the portion of the PTFE tube 86 which is gripped
between the first and second clamps 88, 91 divided by the corresponding time period during
which the length is increased. The displacement controller 96 may be adjustable to provide
for variable speeds of longitudinal displacement of the first and second clamps 88, 91 to
longitudinally expand by corresponding specific stretch rates the portion of the PTFE tube 86

which is gripped between the first and second clamps.

In the alternative embodiment of apparatus 80 in which one of the clamps 88, 91 is
fixed relative to the base 82, the displacement controller 96 is connected to the other of the
clamps which may be longitudinally displaced to longitudinally expand the portion of the
PTFE tube 86 which is gripped between the first and second clamps. The displacement
controller 96 may thereby provide adjustable control of both the specific amount of the
longitudinal expansion of the portion of the PTFE tube 86 which is gripped between the first

and second clamps, and the stretch rate of the longitudinal expansion.
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'The apparatus 80 includes an energy source 98 mounted on the base 82 in proximity
to the portion of the PTFE tube 86 which is gripped between the first and second clamps 88,
91 when the PTFE tube is supported by the support fixture 84. The energy source 98 is
thermally coupled to the portion of the PTFE tube 86 between the first and second clamps 88,
91 to transfer heat to the portion of the PTFE tube. The energy source 98 is positioned
relative to the PTFE tube 86 to enable the thermal coupling and resultant transfer of heat to
the PTFE tube before and/or during the expansion thereof. The energy source 98 also
provides for control of the timing of the transfer of heat to the PTFE tube 86 to provide for

the transfer of heat before and/or during the expansion of the PTFE tube.

The apparatus 80 includes a temperature controller 100 connected to the energy
source 98. The temperature controller 100 provides for control of the heat transferred from
the energy source 98 to the portion of the PTFE tube 86 between the first and second clamps
88, 91 to control the temperature of the portion of the PTFE tube before and/or during the
expansion thereof. The temperature controller 100 may be adjustable to provide for variation
of the temperature of the portion of the PTFE tube 86 between the first and second clamps 88,

91 before and/or during the expansion of the PTFE tube.

The apparatus 80 includes a detector 102 having a sensor 104 for measuring a
characteristic of the microstructure in the portion gf the PTFE tube 86 which is gripped
between the first and second clamps 88, 91. The detector 102 has an output device 106
connected to the sensor 104. The output device 106 generates a measurement signal which

indicates the characteristic measured by the sensor 104.

The apparatus 80 further includes a comparator 108 connected to the output device
106. The comparator 108 receives the measurement signal from the output device 106 and

compares the measurement signal to a reference, which indicates an acceptable measurement
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of the characteristic. The comparator 108 generates an acceptability signal if the
measurement signal is the same as or sufficiently close to the reference. The comparator 108
generates a non-acceptability signal if the measurement signal is neither the same as nor

sufficiently close to the reference.

The sensor 104 may be of various types for measuring various characteristics of the
microstructure in the portion of the PTFE tube 86 which is gripped between the first and
second clamps 88, 91. For example, the sensor 104 may be able to measure the IND in the
portion of the PTFE tube 86 after the longitudinal expansion thereof. The IND is the distance
between adjacent nodes of the node and fibril microstructure which results from the
longitudinal expansion of the portion of the PTFE tube 86 which is gripped between the first

and second clamps 88, 91.

Alternatively, the sensor 104 may be able to measure the permeation rate in the
portion of the PTFE tube 86 after the longitudinal expansion thereof. The permeation rate is
the speed with which a gas flows through a wall of the portion of the PTFE tube 86. The gas

flow results from pores in the portion of the PTFE tube 86.

Alternatively further, the sensor 104 may be able to measure the strength, such as the
tensile strength or circumferential hoop strength, of the portion of the PTFE tube 86 after the

longitudinal expansion thereof.

The apparatus 80 may be used to longitudinally expand additional longitudinal
portions of the PTFE tube 86 by moving the first and second clamps 88, 91 to other specific
longitudinal positions along the PTFE tube and operating the apparatus as described in the
foregoing. The apparatus 80 may be operated to longitudinally expand at least two

longitudinal portions of the PTFE tube 86. Where two such longitudinal portions of the
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PTFE tube 86 are expanded using the apparatus 80, one end of each such portion may be
coincident with or adjacent to one of the ends of the PTFE tube 86. When using the
apparatus 80 to perform such expansions, either the first or second positions 90, 92 may be

coincident with or adjacent to one of the ends of the PTFE tube 86.

The entire disclosures of the following U.S Patent Applications, each of which is

being filed in the USPTO on even date herewith, are hereby incorporated by reference herein:

Title: “Sintered Ring Supported Vascular Graft”; Inventors: Jamie Henderson

and Dennis Kujawski; Attorney Docket No. 760-160; and

Title: "Sintered Structures for Vascular Graft"; Inventor: Jamie Henderson;

Attorney Docket No. 760-197.

While the invention has been described by reference to certain preferred
embodiments, it should be understood that numerous changes could be made within the spirit
and scope of the inventive concept described. Accordingly, it is intended that the invention
not be limited to the disclosed embodiments, but that it have the full scope permitted by the

language of the following claims.
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Claims

What is claimed is:
1. A differentially expanded vascular graft for implantation within a body, said vascular
graft comprising

a PTFE tube formed of a homogeneous material,

said PTFE tube having a longitudinal first portion which is longitudinally expanded
and then sintered,

said PTFE tube having a longitudinal second portion which is longitudinally

expanded and not sintered.

2. A differentially expdnded vascular graft for implantation within a body, said vascular
graft comprising

a PTFE tube formed of a homogeneous material,

said PTFE tube having a longitudinal first portion which has been longitudinally
expanded,

said PTFE tube having a longitudinal second portion which has been longitudinally
expanded,

said first and second portions have respective microstructures which are different

from one another.

3. A differentially expanded vascular graft according to claim 2, wherein said first

portion is sintered to lock the microstructure thereof.

25



10

15

20

25

WO 2006/073974 PCT/US2005/047206

4, A differentially expanded vascular graft according to claim 2, wherein said second

portion is sintered to lock the microstructure thereof.

5. A differentially expanded vascular graft according to claim 2, wherein said
microstructures of said first and second portions are different before the respective

longitudinal expansions thereof.

6. A differentially expanded vascular graft according to claim 5, wherein the respective

longitudinal expansions of said first and second portions are the same.

7. A differentially expanded vascular graft according to claim 2, wherein said first and
second portions have substantially different lengths after said respective first and second

expansions.

8. A method for making a differentially expanded vascular graft comprising:

providing a PTFE tube formed of a homogeneous material,

performing a longitudinal first expansion on a longitudinal first portion of the PTFE
tube to produce a first microstructure in the first portion;

performing a longitudinal second expansion on a longitudinal second portion of the
PTFE tube to produce a second microstructure in the second portion, said first and second

expansions resulting in the first and second microstructures being different from one another.

9. A method according to claim 8, wherein said provision of the PTFE tube comprises

providing the first portion in an un-sintered condition before said first expansion.
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10. A method according to claim 8, wherein said provision of the PTFE tube comprises

providing the second portion in an un-sintered condition before said second expansion.

11. A method according to claim 8, wherein said provision the PTFE tube comprises

providing the PTFE tube as a PTFE green tube extrudate.

12. A method according to claim 8, and further comprising
sintering the first portion to lock the first microstructure after said first expansion, or

sintering the second portion to lock said second microstructure after said second expansion.

13. A method according to claim 12, wherein said sintering of said first portion is

contemporaneous with said sintering of said second portion.

14. A method according to claim 8, wherein said first expansion precedes said second
expansion, said method further comprising sintering the first portion to lock the first

microstructure before said second expansion.

15. A method according to claim 8, wherein said first and second expansions produce
corresponding percentage increases in the first and second portions,

the respective percentage increases being defined as proportional increases in the
respective lengths of the first and second portions,

said first and second expansions producing respective percentage increases of the first

and second portions which are different from one another.
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16. A method according to claim 8, wherein said first and second expansions produce
respective microstructures in the first and second portions of the PTFE tube, said method
further comprising

measuring respective characteristics of the microstructures of the first and second
portions after said first and second expansions respectively, and

generating respective measurement signals which indicate the corresponding

measured characteristics.

17.  An apparatus for making a differentially expanded vascular graft, said apparatus
comprising:

a base;

a support fixture mounted on said base, said support fixture providing support for a
PTFE tube;

a first clamp mounted on said base, said first clamp being able to grip the PTFE tube
at a longitudinal first position along the length thereof such that said first clamp is
longitudinally fixed to the PTFE tube, the first position being between the ends of the PTFE
tube;

a second clamp mounted on said base, said second clamp being able to grip a
longitudinal second position along the length of the PTFE tube such that said second clamp is
longitudinally fixed thereto,

said first and second clamps providing for longitudinal displacement of at least one of
said first and second clamps in a longitudinal direction which is parallel to a longitudinal axis
of the PTFE tube when the PTFE tube is supported by said support fixture,

said first and second clamps further providing for said longitudinal displacement to

increase the distance between said first and second clamps in said longitudinal direction,
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said first and second clamps further providing for said longitudinal displacement
when the PTFE tube is supported by said support fixture and the PTFE tube is gripped by
said first and second clamps to longitudinally expand the portion of the PTFE tube which is

gripped between said first and second clamps.

18.  An apparatus according to claim 17, wherein one of said first and second clamps is
fixed relative to said base to prevent longitudinal displacement of said one of said first and
second clamps when the PTFE tube is supported by said support fixture and the PTFE tube is

gripped by said first and second clamps.

19.  An apparatus according to claim 17, wherein said first and second clamps provide for
longitudinal displacement of both of said first and second clamps to increase the distance
therebetween in said longitudinal direction,

said first and second clamps further providing for said longitudinal displacemeilt of
both of said first and second clamps when the PTFE tube is supported by said support fixture
and the PTFE tube is gripped by said first and second clamps to longitudinally expand the

portion of the PTFE tube which is gripped between said first and second clamps.

20. An apparatué according to claim 17, wherein said second position on the PTFE tube

which is gripped by said second clamp is between the ends of the PTFE tube.

21.  Anapparatus according to claim 17, and further comprising a displacement controller
connected to said at least one of said first and second clamps which is able to be
longitudinally displaced, said displacement controller providing for control of said

longitudinal displacement such that said longitudinal displacement produces a corresponding
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longitudinal expansion of a specific amount in the portion of the PTFE tube which is gripped

between said first and second clamps.

22, An apparatus according to claim 17, wherein the longitudinal expansion of the
portion of the PTFE tube which is gripped between said first and second clamps produces a
microstructure in the portion of the PTFE tube, said microstructure having a measurable
characteristic, said apparatus further comprising a detector comprising a sensor for measuringv

the characteristic, said sensor being further able to measure the characteristic after the

longitudinal expansion of the portion of the PTFE tube, said detector comprising an output

device connected to the sensor, said output device generating a measurement signal which

indicates the characteristic measured by said sensor.

23.  An apparatus according to claim 22, and further comprising a comparator connected
to said output device, said comparator receiving said measurement signal from said output
device and comparing said measurement signal to a reference, said reference indicating an
acceptable measurement of the characteristic, said comparator generating an acceptability
signal if said measurement signal is the same as or sufficiently close to said reference, said
comparator generating a non-acceptability signal if said measurement signal is not the same

as or not sufficiently close to said reference.
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