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SINTERED RING SUPPORTED VASCULAR GRAFT

Cross-Reference to Related Application

This international application claims priority to U.S. Patent Application No.
11/026,748 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 non-expanded and longitudinally expanded portions distributed
longitudinally along the graft. Also, the present invention relates to a tubular intermediate
from which the vascular graft may be formed, and a method and apparatus for making the

vascular graft.

Backeround of the Invention

It is well known to use extruded tubes of polytetrafluoroethylene (PTFE) as

implantable intraluminal prostheses, particularly vascular grafts. PTFE 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 (ePTFE) 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 the interspaced nodes interconnected by elongated fibrils.

One disadvantage of current thin-walled or thicker-walled implantable ePTFE tubes is
their tendency to kink when subjected to bending forces or concentrated external radial
forces. Kinking and luminal constriction can occur during or subsequent to implantation.

Such kinking is normally undesirable and poses a risk to the patient.
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Accordingly, in applications where kinking is likely, vascular grafts have an
additional support structure to prevent kinking. Typically, external support structures, such
as helical coils, are bonded around the outer surface of the ePTFE tube. Alternatively,

individual rings may be bonded to the outer surface of the ePTFE by injection molding.

Such additional support structures have several disadvantages. For example, the
additional support structures are normally bonded to the outer surface of the ePTFE tube
thereby increasing the outer diameter of the graft in the regions of the support structures. As
a result, implantation of the graft can become more difficult. For example, when tunneling
through tissue is required to implant the graft, such as in vascular access applications, a

larger cross-sectional tunnel area is required to allow for insertion of the graft.

Another disadvantage of grafts having added support structures is that they are often
made from materials which are different from the material of the graft wall and require added
processing steps such as heat bonding or additional materials such as adhesive to adhere the
support structure to the graft. Differential shrinkage or expansion of the external support
structure relative to the ePTFE tube can cause the bond to weaken and/or the graft to twist
significantly. Separation of the support structure from the graft is obviously undesirable.
Additionally, twisting will normally distort the printed linear guideline which typically runs
the length of the ePTFE tube and is used by practitioners to determine proper graft
disposition to prevent implantation in a twisted configuration. Such distortion may result in
the normally longitudinally linear guideline becoming helical or some other non-linear shape
prior to implantation of the vascular graft in the patient, thereby defeating the purpose of the
guideline.

Other ePTFE grafts have included external polymeric ribs which provide radial

support to the lumen, but increase the outer diameter and wall thickness of the graft.

Thus, there is a need for PTFE tubes which are kink resistant without added support

structures such as coils or rings and which do not increase the tube outer diameter.

Summary of the Invention

The vascular graft of the present invention includes a PTFE tube having non-

expanded portions formed from sintering a PTFE green tube extrudate. The non-expanded
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portions are distributed longitudinally along the PTFE tube. The PTFE tube also has
expanded portions formed subsequent to the pre-sintering of the PTFE green tube extrudate.
The expanded and non-expanded portions are integral with one another, and alternate with
one another along the length of the PTFE tube. The expanded and non-expanded portions
each have a respective stiffness, where the stiffness of the non-expanded portions is greater

than that of the expanded portions.

The vascular graft has several advantages. The non-expanded portions provide
structural support to the PTFE tube to resist kinking thereof. Such structural support is
beneficial for thin-walled and thicker-walled PTFE tube, and is especially beneficial for thin-
walled PTFE tube. Also, the non-expanded portions do not extend radially beyond the outer
surface of the PTFE tube so as to not result in an increase in the outer diameter of the tube in

the regions of the non-expanded portions.

Further, the integral relation of the non-expanded portions to the PTFE tube, i.e., the
non-expanded portions are part of the PTFE tube which has a uniform material, normally
eliminates the possibility of differential shrinkage or expansion of the non-expanded portions
relative to the other portions of the PTFE tube. This greatly reduces the possibility of
twisting of the PTFE tube, and the associated distortion of the guideline prior to insertion of
the graft into the patient, which may result from such twisting. The integral relation of the
non-expanded portions to the PTFE tube normally eliminates the possibility of the non-
expanded portions becoming detached from the PTFE tube.

The vascular graft may be formed from a tubular intermediate of the present
invention. The tubular intermediate includes a PTFE green tube extrudate having sintered
portions distributed longitudinally along the extrudate. The extrudate also has un-sintered
portions which are integral with the sintered portions, and alternate therewith along the length
of the extrudate. The sintered and un-sintered portions each have a respective stiffness,

where the stiffness of the sintered portions is greater than that of the un-sintered portions.

An apparatus for making the tubular intermediate of the present invention facilitates

formation of the pre-sintered portions thereof.
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A method of making the vascular graft of the present invention facilitates the
formation of the pre-sintered non-expanded portions and the post-sintered expanded portions

of the PTFE tube.
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 perspective view of the sintered ring supported vascular graft of the present
invention, the graft having annular pre-sintered non-expanded portions on the outer surface

thereof;

Fig. 2 is a longitudinal cross-sectional view of the graft of Fig. 1;

Fig. 3 is a perspective view of the of an alternative embodiment of the vascular graft
of Fig. 1, the alternative embodiment having longitudinal pre-sintered non-expanded portions

on the outer surface of the graft;

Fig. 4 is a longitudinal cross-sectional view of the graft of Fig. 1 showing a second

graft internally of and in coaxial relation with the graft of Fig. 1;

Fig. 5 is a perspective view of the tubular intermediate of the present invention which

is expanded to form the graft of Fig. 1;

Fig. 6 is a longitudinal cross-sectional view of the intermediate of Fig. 5;

Fig. 7 is a perspective view of an alternative embodiment of the tubular intermediate
of Fig. 5, the alternative embodiment having a longitudinal sintered portion on the outer

surface of the intermediate;
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Fig. 8 is a schematic diagram showing an apparatus for making a tubular intermediate
of the present invention, the apparatus including a mandrel for supporting a PTFE green tube
extrudate, and a plurality of heating filaments encircling the extrudate;

Fig. 9 is a schematic diagram showing an alternative embodiment of the apparatus of
Fig. 8, the alternative apparatus including a mandrel for supporting a PTFE green tube
extrudate, and a pair of corresponding fixtures on which semi-circular filaments are

supported;

Fig. 10 is a block diagram showing a method for making a vascular graft of the
present invention, the method including pre-sintering portions of a PTFE green tube extrudate
by using filaments, expanding longitudinally the un-sintered portions of the extrudate, post-
sintering the expanded portions of the extrudate, and applying a pigment longitudinally to the

expanded portions of the extrudate; and
Fig. 11 is a block diagram showing an alternative embodiment of the method of Fig.
10, the alternative embodiment including sintering a longitudinal elongate portion of a PTFE

green tube 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 vascular graft 20 is

shown for implantation within a body.

The vascular graft 20 includes a PTFE tube 22 having non-expanded portions 25
formed from sintering a PTFE green tube extrudate. The non-expanded portions 25 have an
annular cross-section and are distributed longitudinally along the PTFE tube 22. The PTFE
tube 22 also has expanded portions 27 formed subsequent to the sintering of the PTFE green
tube extrudate. The expanded portions 27 also have an annular cross-section. The non-
expanded and expanded portions 25, 27 are integral with one another, i.e., they are formed
from the same extrudate, and alternate with one another along the length of the PTFE tube 22.

The non-expanded and expanded portions 25, 27 each have a respective stiffness, where the
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stiffness of the non-expanded portion is greater than that of the expanded portion. The
increased stiffness of the non-expanded portions 25 provide the PTFE tube 22 with a
corresponding support characteristic. The support characteristic refers to the magnitude and
direction of the resistance to deflection provided by the non-expanded portions 25. The non-
expanded portions 25 may provide a support characteristic corresponding to a stent such that

the non-expanded portions 25 may possibly provide a substitute for the stent.

The non-expanded portions 25 may extend partially through the PTFE tube 22, as
shown in Fig. 2, where the non-expanded portions extend from the outer surface 30 of the
PTFE tube 22 radially inward therethrough to a radial position between the outer surface and
inner surface 32 of the PTFE tube. This selective sintering partially through the wall
thickness can be tuned to provide a structural support and a different structure on the outer

surface 30 as compared to the inner surface 32, which remains essentially unchanged.

Alternatively, the non-expanded portions may extend from the inner surface 32
radially outward through the PTFE tube 22 to a radial position between the inner surface and
outer surface 30. In another alternative, the non-expanded portions may extend from the

outer surface 30 radially inward completely through the PTFE tube 22 to the inner surface 32.

The expanded portions 27 each have a node and fibril structure as a result of

expansion. This structure may be locked by sintering the expanded portions 27.

The vascular graft 20 includes a longitudinal guideline 35 printed on the outer surface
of each of the expanded portions 27. The longitudinal guidelines 35 on the respective

expanded portions 27 are collinear relative to one another.

An alternative embodiment for the vascular graft 20a is shown in Fig. 3. Parts
illustrated in Fig. 3 which correspond to parts illustrated in Figs. 1 and 2 have, in Fig. 3, the
same reference numeral as in Figs. 1 and 2 with the addition of the suffix “a”. In this
alternative embodiment, the PTFE tube 22a has non-expanded portions 25a which are
elongate and have a longitudinal axis which is generally parallel to the longitudinal axis of

the PTFE tube.
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The non-expanded portions 25a may have various lengths and may be arranged in
different configurations. Among the possible configurations are the arrangement of the non-
expanded portions 25a circumferentially relative to the cross-section of the PTFE tube 22a.
Such a configuration may include four non-expanded portions 25a which are parallel to the
longitudinal axis of the PTFE tube 22a and which are equally spaced circumferentially to
provide for the establishment of quadrants between the non-expanded portions 25a. The non-
expanded portions 25a, which define the four quadrants, may have the same or different
longitudinal positions relative to the PTFE tube 22a. Additionally, the non-expanded
portions 25a may be staggered, both longitudinally and circumferentially, relative to the
PTFE tube 22a. Further, the non-expanded portions 25a may be inclined relative to the
longitudinal axis of the PTFE tube 22a such as, for example, to provide the non-expanded

portions with a helical shape.

The various configurations of the non-expanded portions 25a provide the PTFE tube
22a with corresponding support characteristics. The support characteristic refers to the
magnitude and direction of the resistance to deflection provided by the non-expanded
portions 25a. The variability of the support characteristic provided by the non-expanded
portions 25a facilitates the formation of a PTFE tube 22a having sufficient compliance to a
collapsible stent such that the tube remains in close contact with the stent during both
collapse and expansion thereof. Collapse of the stent and PTFE tube 22a is typically desired
during insertion thereof into a vein or artery. The support characteristic provided by
appropriate non-expanded portions 25a may further provide for the radial compression of the
PTFE tube 22a, from a circular cross-section to as small as approximately one-half of the
diameter thereof, without requiring folding of the PTFE tube. Additionally, the non-
expanded portions 25a may be configured to provide a support characteristic corresponding
to a stent such that the non-expanded portions 25a may possibly provide a substitute for the
stent. Such non-expanded portions 25a which provide the support characteristic of a stent
may be further configured to provide for collapse of the PTFE tube 22a for insertion into a

vein or artery.

The non-expanded and expanded portions 25, 25a, 27, 27a each have a crystalline
structure including highly crystalline polymeric chains. The expanded portions 27 each have
a node and fibril structure which results from expansion of PTFE green tube extrudate. The
PTFE green tube extrudate has a structure which is essentially continuous node structure.
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Expansion of the PTFE green tube extrudate fractures the continuous node structure thereof
resulting in fibril structures extending between the broken pieces of the remaining node
structure, which are the nodes. The respective percentages of the portions of the nodes and
fibrils which are crystalline are generally the same. The crystals of the fibrils are more
organized than the crystals of the nodes. The nodes of the expanded portions 27, 27a are
loosely structured relative to the fibrils. The expanded portions 27, 27a are under a higher
stress relative to the stress of the non-expanded portions 25, 25a. The non-expanded portions
25, 25a have a lower energy crystalline structure relative to the energy of the crystalline
structure of the expanded portions 27, 27a. This results from the energy of the fibrils of the
expanded portions 27, 27a being larger than the energy of the non-expanded portions 25, 25a.
When tested with a Differential Scanning Calorimeter (DSC), the expanded portions show a
double peak which represents two melting points (Tm). The higher melting point is created
from the fibril portion of the microstructure.

The sintering of the PTFE material changes the crystalline structure thereof resulting
in the melting temperature of the PTFE material decreasing from approximately 650 degrees
F, before the sintering, to approximately 620 degrees F, after the sintering. The non-
expanded portions 25, 25a are formed from sintering portions of a PTFE green tube, which is
a tube formed of PTFE that has not been sintered or expanded. The PTFE green tube may be
formed from a resin, 97% of which may be crystalline, and has a crystalline microstructure.
The PTFE green tube may be formed from an extrusion process. The percentage of the
expanded portions 27, 27a which have a crystalline microstructure is generally the same as

the percentage of the PTFE green tube which has a crystalline microstructure.

The PTFE tube 22, constituting a stiffened vascular graft, may be used in combination
with an additional vascular graft 37, as shown in Fig. 4. In such a combination, the additional
vascular graft 37 is disposed within the stiffened vascular graft 20 in coaxial relation thereto.
The additional vascular graft 37 includes an expanded PTFE tube which does not necessarily
have non-expanded portions, such as are included in the stiffened vascular graft 20.
Alternatively, the additional vascular graft 37 may include a tube formed of a textile, such as
PTFE, polyester, or other suitable material. The non-expanded portions 25 of the stiffened
vascular graft 20 extend from the outer surface 30 radially inward through the PTFE tube 22
to the inner surface 32, as shown in Fig. 4. In this respect, the non-expanded portions 25

shown in Fig. 4 differ from the non-expanded portions 25 shown in Fig. 2. The stiffened and
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additional vascular grafts 20, 37, if formed of similar materials, are bonded together by
polymeric glue or a type of adhesive to maintain the coaxial and relative longitudinal
positions of the grafts shown in Fig. 4. Alternatively, it is possible for the stiffened and
additional vascular grafts 20, 37, if formed of similar materials, to be sintered together to

maintain the coaxial and relative longitudinal positions of the grafts shown in Fig. 4.

In an alternative embodiment, the stiffened vascular graft 20 may be disposed within
the additional vascular graft 37 in coaxial relation thereto similar to the orientation shown in
Fig. 4. In such an embodiment, the stiffened and additional vascular grafts 20, 37 may have
corresponding structures and be bonded or sintered together in a manner similar to that

described for the combination shown in Fig. 4.

In a further alternative embodiment, the additional vascular graft 37 may include two
or more additional vascular grafts each of which is assembled to the stiffened vascular graft
20 in coaxial relation thereto similar to the orientation shown in Fig. 4. In such an
embodiment, the additional vascular graft or grafts may be within or outside of the stiffened
vascular graft 20 including an arrangement in which the stiffened vascular graft is radially
sandwiched between the separate additional grafts. In such an embodiment, the stiffened
vascular graft 20 and each of the additional vascular grafts may have corresponding
structures and be sintered together in a manner similar to that described for the combination

shown in Fig. 4.

The vascular graft 20 may be formed from a tubular intermediate 40 shown in Figs. 5
and 6. The tubular intermediate includes a PTFE green tube extrudate 42 having pre-sintered
portions 45 distributed longitudinally along the extrudate. The extrudate 42 also has un-
sintered portions 47 which are integral with the pre-sintered portions 45, and alternate

therewith along the length of the extrudate.

The pre-sintered and un-sintered portions 45, 47 each have an annular cross-section,
and a respective stiffness, where the stiffness of the pre-sintered portions is greater than that
of the un-sintered portions. The un-sintered portions 47 each have a radial thickness which is
constant relative to the longitudinal axis of the extrudate 42. Neither the pre-sintered portion
45 nor the un-sintered portion 47 is expanded. Accordingly, the pre-sintered and un-sintered

portions 45, 47 each have crystalline micro-structures which are less organized and at a lower
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energy state than a typical node and fibril micro-structure which also includes crystalline
structure. The respective crystalline micro-structures of the pre-sintered and un-sintered
portions 45, 47 are different due to the sintering of the pre-sintered portions 45. This results

in the pre-sintered portions 45 being stiffer than the un-sintered portions 47.

The pre-sintered portions 45 may extend radially through the extrudate 42, as shown
in Fig. 6, where the pre-sintered portions extend from the outer surface 50 of the extrudate
radially inward therethrough to a radial position between the outer surface and inner surface
52. The pre-sintered portions 45 are contiguous with the outer surface 50, and each have an
outer diameter which is less than the adjacent regions of the un-sintered portions 47, as

shown in Fig. 6.

Alternatively, the pre-sintered portions may extend from the inner surface 52 radially
outward through the extrudate 42 to a radial position between the inner surface and outer
surface 50. In another alternative, the pre-sintered portions may extend from the outer

surface 50 radially inward through the extrudate 42 to the inner surface 52.

An alternative embodiment for the tubular intermediate 40b is shown in Fig. 7. Parts
illustrated in Fig. 7 which correspond to parts illustrated in Figs. 5 and 6 have, in Fig. 7, the
same reference numeral as in Figs. 5 and 6 with the addition of the suffix “b”. In this
alternative embodiment, the extrudate 42a has pre-sintered portions 45a which are elongate
and have a longitudinal axis which is generally parallel to the longitudinal axis of the
extrudate. The pre-sintered portions 45a may have various lengths and may be arranged in
different configurations which provide the corresponding lengths and configurations of the

non-expanded portions 25a described in the foregoing.

An apparatus 55 for making the tubular intermediate 40 is shown in Fig. 8. The
apparatus 55 includes an energy source, such as a plurality of filaments 57, for heating
selected portions of the extrudate 42 for sintering thereof. Each filament 57 has a
longitudinal central axis which defines a filament axis. Each filament axis is circular and
contained in a corresponding filament plane 60. Each of the filaments 57 encircles a filament
center 62 which is contained in the corresponding filament plane 60. The apparatus 55 may
include alternative energy sources as a means for applying heat to the selected portions of the

extrudate 42 for sintering thereof. For example, the selected portions of the extrudate 42 may

10
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be heated by a laser, ultrasonics or techniques which provide for localized absorption by the

selected portions of sufficient energy to generate the necessary heat for the sintering.

The apparatus 55 includes an elongate fixture 65 on which each of the filaments 57 is
mounted such that the filament planes 60 are parallel to one another and the filament centers
62 coincide with an alignment axis 67. Each of the filaments 57 has an inner diameter which
is larger than the outer diameter of a corresponding portion of the extrudate 42. This enables
the extrudate 42 to be positioned relative to each of the filaments 57 such that each filament

encircles the corresponding portion of the extrudate.

The apparatus 55 also includes a support fixture, such as a mandrel 70, for supporting
a PTEE green tube extrudate 42. The mandrel 70 is connected to a driver 72 for moving the
mandrel to displace the extrudate 42 in the directions indicated by 75 in Fig. 8. The driver 72
may also support the weight of the mandrel 70, although the weight may be supported
otherwise. The extrudate 42 is thereby displaced between a position remote from the
filaments 57 and a position in sufficient proximity to the filaments to enable the filaments to

apply sufficient heat for the sintering of the selected portions of the extrudate.

In an alternative embodiment, the fixture 65 may be connected to a driver 73 for
moving the fixture in the directions indicated by 74 in Fig. 8. The fixture 65 may thereby
displace the filaments 57 between a position remote from the extrudate 42 and a position in
sufficient proximity to the extrudate to enable the filaments to apply sufficient heat for the
sintering of the selected portions of the extrudate. The driver 73 may be used instead of, or in
combination with, the driver 72, to align the extrudate 42 and filaments 57 relative to each

other.

An alternative embodiment for the apparatus 55¢ is shown in Fig. 9. Parts illustrated
in Fig. 9 which correspond to parts illustrated in Fig. 8 have, in Fig. 9, the same reference
numeral as in Fig. 8 with the addition of the suffix “c”. The filaments 57c shown in Fig. 9
each have a longitudinal central axis defining a filament axis which is semi-circular and
contained in a corresponding filament plane 60c. Each semicircular filament 57c partially

encircles a filament center 62¢ which is contained in the corresponding filament plane 60c.

11
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The apparatus 55¢ has a pair of corresponding elongate fixtures 65c. Each filament
57¢ is supported on one of the fixtures 65¢ such that, in each of the fixtures, the filament
planes 60c are parallel to one another and the filament centers 62c coincide with a

corresponding alignment axis 67c.

Corresponding longitudinal side edges of the fixtures 65¢ are connected together by a
hinge 77 to provide for the fixtures to pivotally open and close in the manner of a clam shell.
When the fixtures 65¢ are pivoted to close them together, the support of the filaments 57¢ on
the fixtures further provides for each of the filaments to mate with a corresponding filament
in the other fixture. The mating provides for the corresponding pairs of the filaments 57c¢ to

be circular.

Each of the corresponding pairs of filaments 57¢ have an inner diameter which is
larger than the outer diameter of a corresponding portion of the extrudate 42c¢ such that the
extrudate can be positioned relative to each of the corresponding pairs such that the

corresponding pairs of filaments 57¢ encircle the corresponding portion of the extrudate.

A method for making the vascular graft 20 is shown in the block diagram 80 of Fig.
10. The method 80 includes providing a PTFE green tube extrudate which is un-sintered 82

and a pre-sintering step, designated generally by the reference numeral 85.

The pre-sintering step 85 includes providing a plurality of filaments 87 for heating
portions of the extrudate. Such filaments 57, 57¢ may be provided by the apparatus 55, 55¢
shown in Figs. 8 and 9. The filaments 57, 57¢ are positioned 90 in sufficient proximity to the
outer surface of the extrudate 42, 42¢ to transfer heat thereto. This proximity is provided in
the apparatus 55 by the filaments 57 being supported such that the extrudate 42 may be
inserted through the circular filaments, or by the filaments being displaced longitudinally so
that the extrudate extends therethrough, or by moving both the extrudate and filaments. This
proximity is provided in the apparatus 55¢ by the semicircular filaments 57¢ being supported
on the respective fixtures 65¢ and the fixtures being connected for closure around the

extrudate 42¢ such that the filaments encircle the extrudate.

The filaments are heated 92 causing portions of the extrudate 42, 42¢ to expand
radially outward into engagement with the filaments 57, 57c, and further causing the portions

12
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of the extrudate which are lateral of the filaments to expand radially outward beyond the
filaments. The heated filaments 57, 57c thereby sinter portions of the extrudate 42, 42¢
which become the pre-sintered portions 45. The circular configuration of the filaments 57,
57¢ and the transfer of heat therefrom to the extrudate 42, 42c¢ results in the pre-sintered

portions 45 of the extrudate each having an annular cross-section, as shown in Fig. 5.

The pre-sintering step 85 further includes reducing the temperatures of the filaments
95 to cause the portions of the extrudate 42, 42¢ expanded by the heating step 92 to contract
radially inward such that the extrudate disengages from the filaments 57, 57c resulting in the
portions of the extrudate which engaged the filaments having respective outer diameters
which are less than the outer diameters of the adjoining portions of the extrudate, as shown in

Fig. 6.

The pre-sintering step 85 may limit the sintering of the extrudate 42, 42¢ such that the
pre-sintered portions 45 are contiguous with the outer surface 50 of the extrudate and extend
radially therethrough to a radial position between the inner surface 52 and outer surface.
Alternatively, using an apparatus which differs from the apparatus 55, 55c¢, the pre-sintering
step 85 may provide for sintering the inner surface 52 of the extrudate 42, 42¢ such that the
pre-sintered portions 45 are contiguous the inner surface of the extrudate and extends radially

therethrough to a radial position between the inner surface and outer surface 50.

The pre-sintered portions 45 of the extrudate 42, 42¢ have a stiffness which is greater
than the stiffness of the un-sintered portions 47 of the extrudate.

The method 80 further includes an expanding step 97 following the pre-sintering step
85. The expanding step 97 includes expanding the extrudate 42, 42¢ longitudinally to reduce
the radial thickness of the un-sintered portions 47 of the extrudate, as measured by
compression thereof. These reduced thickness portions define the expanded portions 27 of
the PTFE tube 22. The expanded portions 27 have a density which is substantially less than
the density of the extrudate 42, 42c.

The expanding step 97 provides for the preservation of the structure of the pre-
sintered portions 45 such that the structure is substantially the same from just before the
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expanding step to just after the expanding step. The pre-sintered portions 45 are substantially
the same as the non-expanded portions 25 of the PTFE tube 22.

The method 80 includes a post-sintering step 100 following the expanding step 97. In
the post-sintering step 100, the expanded portions 27 of the PTFE tube 22 are sintered to lock
the structure of the expanded portions. The post-sintering step 100 provides for the
preservation of the structure of the pre-sintered portions 45 such that the structure of the pre-
sintered portions remains substantially the same from before the post-sintering step to after

the post-sintering step.

The method 80 optionally includes a printing step 102 following the post-sintering
step 100. The printing step 102 includes providing a source of pigment 105, and applying the
pigment 107 to a longitudinal portion of the expanded portions 27 of the PTFE tube 22 such
that the pigment affixed to the expanded portions defines the longitudinal guideline 35.

An alternative embodiment of the method 80d is shown in Fig. 11. Steps illustrated
in Fig. 11 which correspond to steps in Fig. 10 have, in Fig. 11, the same reference numeral
as in Fig. 10 with the addition of the suffix “d”. As shown in Fig. 11, the pre-sintering step
85d includes heating 110 an elongate portion of the extrudate 42b such that the pre-sintered
portions 45b each have a longitudinal axis which is parallel to the longitudinal axis of the

extrudate, as shown in Fig. 7.

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: “Differentially Expanded Vascular Graft”; Inventor: Jamie Henderson; Attorney
Docket No. 760-172; 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 vascular graft for implantation within a body, said vascular graft comprising a
PTFE tube having first and second ends defining a length therebetween,

said PTFE tube having inner and outer wall surfaces defining a lumen between said
first and second ends,

said PTFE tube having an expanded portion and a sintered non-expanded portion

along said length.

2. A vascular graft according to claim 1, wherein said non-expanded portion is formed
from sintering a PTFE green tube extrudate,

said expanded portion being formed subsequent to the sintering of the PTFE green
tube extrudate,

said expanded and non-expanded portions being of the same extrudate,

said expanded and non-expanded portions each having a respective stiffness, said
stiffness of said non-expanded portion being greater than said stiffness of said expanded

portion.

3. A vascular graft according to claim 2, wherein said non-expanded and expanded
portions have respective crystalline structures, said crystalline structure of said expanded
portion having a higher energy relative to said crystalline structure of said non-expanded

portion.

4, A vascular graft according to claim 2, wherein said non-expanded portion has an

annular cross-section.

5. A vascular graft according to claim 2, and further comprising a longitudinal guideline

printed on an outer surface of said expanded portion.
6. A vascular graft according to claim 1, and further comprising a plurality of non-

expanded and expanded portions alternating along said length of said PTFE tube,

said expanded portions each having an outer surface,
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said vascular graft further comprising a longitudinal guideline printed on said outer

wall surfaces such that said longitudinal guidelines are collinear relative to one another.

7. A vascular graft according to claim 6, and further comprising a longitudinal guideline
printed on the outer surface of each of said expanded portions, said longitudinal guidelines

being collinear relative to one another.

8. A vascular graft according to claim 1, wherein said expanded and sintered non-
expanded portions have respective crystalline structures, said crystalline structure of said
sintered non-expanded portion having a lower energy relative to said crystalline structure of

said expanded portion.

9. A vascular graft according to claim 1, wherein said expanded portion is sintered.

10. A tubular intermediate which may be manufactured into a vascular graft for
implantation within a body, said tubular intermediate comprising a PTFE green tube
extrudate having a pre-sintered portion and an un-sintered portion, said pre-sintered portion

having a stiffness which is greater than the stiffness of said un-sintered portion.

11. A tubular intermediate according to claim 10, wherein said pre-sintered and un-
sintered portions have respective crystalline structures, said crystalline structure of said pre-
sintered portion having a lower energy relative to said crystalline structure of said un-sintered

portion.

12. A tubular intermediate according to claim 10, and further comprising a plurality of

pre-sintered portions distributed longitudinally between a plurality of un-sintered portions.

13. An apparatus for making a tubular intermediate for a vascular graft, said apparatus
comprising:

a support fixture for supporting a PTFE green tube extrudate; and

an energy source for applying energy to a selected portion of the extrudate for

sintering thereof.
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14.  Anapparatus according to claim 13, wherein said energy source applies heat to the

selected portion of the extrudate for the sintering thereof.

15.  An apparatus according to claim 14, wherein said energy source comprises a plurality
of filaments each of which has a longitudinal central axis defining a filament axis, each of
said filament axes being circular and contained in a corresponding filament plane,

each said filament encircling a filament center which is contained in said
corresponding filament plane,

said apparatus further comprising an elongate fixture on which each said filament is
mounted such that said filament planes are parallel to one another and said filament centers
coincide with an alignment axis,

each of said circular filaments having an inner diameter which is larger than the outer
diameter of a corresponding portion of the extrudate such that the extrudate can be positioned
relative to each of said filaments such that each said filament encircles the corresponding

portion of the extrudate.

16.  An apparatus according to claim 14, wherein said energy source comprises a plurality
of filaments each of which has a longitudinal central axis defining a filament axis, each of
said filament axes being semi-circular and contained in a corresponding filament plane,

each of said filaments partially encircling a filament center which is contained in said
corresponding filament plane,

said apparatus further comprising a pair of corresponding elongate fixtures, each said
filament being supported on one of said fixtures such that, in each said fixture, said filament
planes are parallel to one another and said filament centers coincide with an alignment axis,
said support of said filaments on said fixtures further providing for each said filament to mate
with a corresponding filament in said other fixture when said fixtures are closed together,
said mating providing for said corresponding pairs of said filaments to be circular,

each said corresponding pairs of filaments having an inner diameter which is larger
than the outer diameter of a corresponding portion of the extrudate such that the extrudate can
be positioned relative to each of said corresponding pairs of said filaments such that said

corresponding pairs of filaments encircle the corresponding portion of the extrudate.
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17.  An apparatus according to claim 16, wherein corresponding longitudinal side edges of

said fixtures are hinged together to provide for said fixtures to pivotally open and close in the

manner of a clam shell.

18. A method for making a vascular graft comprising:
providing a PTFE green tube extrudate which is un-sintered; and
pre-sintering a portion of the extrudate to produce a pre-sintered portion having a

stiffness which is greater than the stiffness of the un-sintered portion of the extrudate.

19. A method for making a vascular graft according to claim 18, wherein said pre-
sintering step comprises:

providing a filament for heating a portion of the extrudate;

positioning the filament in sufficient proximity to the outer surface of the extrudate to
transfer heat thereto; and

heating the filament to cause a portion of the extrudate to expand radially outward
into engagement with the filament to sinter a portion of the extrudate constituting the pre-

sintered portion.

20. A method for making a vascular graft according to claim 19, and further comprising
reducing the temperature of the filament to cause the portion of the extrudate expanded by the
heating step to contract radially inward such that the extrudate disengages from the filament
resulting in the portion of the extrudate which engaged the filament having an outer diameter

which is less than the outer diameter of the adjoining portions of the extrudate.

21. A method for making a vascular graft according to claim 18, wherein said pre-
sintering step comprises sintering a plurality of annular portions of the extrudate such that the
pre-sintered annular portions are located longitudinally between un-sintered portions of the

extrudate, said pre-sintered portions each having an annular cross-section.

22. A method for making a vascular graft according to claim 18, wherein said pre-
sintering step comprises heating an elongate portion of the extrudate such that the pre-
sintered portion has a longitudinal axis which is parallel to a longitudinal axis of the

extrudate.
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