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FIG. 33

cludes an attachment component configured to engage a blood pump to at-
tach the cuff to the blood pump and a sewing ring for attachment to the
heart. The sewing ring is coupled to the attachment component, and the at-
tachment component and the sewing ring each define a central opening con-
figured to admit an inflow cannula of a blood pump. The sewing ring com-
prises a member that provides rigidity to flatten a portion of a myocardium
of the heart when the cuff is attached to the heart.
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VENTRICULAR CUFF

CROSS-REFERENCE TO RELATED APPLICATIONS
This application claims priority to and the full benefit of U.S. Provisional Patent
Application No. 61/695,925, filed August 31, 2012, and titled “VENTRICULAR CUFF,”
and U.S. Patent Application No. 13/842,578, filed March 15, 2013, and titled
“VENTRICULAR CUFF.” The entire contents of U.S. Application Nos. 61/695,925 and

13/842,578 are incorporated herein by reference.

TECHNICAL FIELD

This disclosure relates to ventricular cuffs.

BACKGROUND
Heart assist devices or pumps can be inserted in the circulatory system to pump
blood from either ventricle or atrium of a heart to the vasculature. A pump
supplementing a ventricle is known as a ventricular assist device, or VAD. A VAD is

useful when the ventricle alone is incapable of providing adequate blood flow.

SUMMARY

In a general aspect, a cuff for attachment to a heart defines an opening to admit a
cannula of a heart pump. The cuff can be sufficiently rigid to promote flattening of the
myocardium in a region where the cuff is attached.

In some implementations, the cuff includes two or more layers of, for example,
felt, fabric, mesh, or another material. The two or more layers may be joined by sutures
or an adhesive, such as a silicone adhesive. In some implementations, the cuff includes a
wire insert, which may be covered in silicone and positioned between two layers of felt.

In another general aspect, a housing of a heart pump includes one or more
anchors. The anchors admit fasteners, such as sutures, that can secure the implanted
heart pump.

In some implementations, multiple anchors are located at the perimeter of the

heart pump, for example, spaced apart around an outer edge of the housing. Each anchor
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may be a suture anchor, for example, an eyelet or other opening through which a suture
can be passed to capture a portion of the housing.

In another general aspect, fabric cover is implanted around a blood pump to
reduce tissue adhesion and facilitate later removal of the blood pump.

In another general aspect, a blood pump includes a housing disposed about a
pump mechanism. The housing has a proximal side configured to face toward a heart and
an inflow cannula extending from the proximal side. The housing has an outer perimeter,
and the housing includes a plurality of suture anchors disposed along the outer perimeter
of the housing.

Implementations may include one or more of the following features. For
example, the suture anchors are eyelets defined through the housing. The housing has a
peripheral side oriented generally perpendicular to the proximal side, and one or more of
the eyelets defines a passage from the peripheral side to the proximal side. The passage
extends from the peripheral side inward toward the inflow cannula. The passage has a
central axis, and the central axis is oriented at an angle of between 20 degrees and 50
degrees of the peripheral side. The housing is configured to receive a ventricular cuff
about the inflow cannula with the ventricular cuff adjacent the proximal side, and each of
the plurality of suture anchors defines a passage oriented to direct a needle through the
ventricular cuff when the ventricular cuff is positioned about the inflow cannula with the
ventricular cuff adjacent the proximal side. The outer perimeter of the housing is
generally circular and the housing has a circumference, and the suture anchors are spaced
apart along at least a portion of the circumference. Thee suture anchors are disposed
around more than half of the circumference. The suture anchors are spaced apart at an
angular distance of between 10 and 50 degrees. The inflow cannula defines a central
longitudinal axis, and the suture anchors each have an opening disposed in a plane, the
plane being generally perpendicular to the central longitudinal axis of the inflow cannula.

In another general aspect, a cuff for attachment to a heart includes an attachment
component configured to engage a blood pump to attach the cuff to the blood pump. The
cuff also includes a sewing ring for attachment to the heart. The sewing ring is coupled
to the attachment component, and the attachment component and the sewing ring each

define a central opening configured to admit an inflow cannula of a blood pump. The
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sewing ring includes a member that provides rigidity to flatten a portion of a myocardium
of the heart when the cuff is attached to the heart.

Implementations may include one or more of the following features. For
example, the sewing ring includes two or more disc-shaped layers of fabric. The two or
more disc-shaped layers are formed of a felt, a mesh, or a woven material. The two or
more disc-shaped layers are formed of polytetrafluoroethylene, polyester, or polyethylene
terephthalate. The two or more disc-shaped layers are formed of polytetrafluoroethylene
felt. The two or more disc-shaped layers are attached to each other by sutures or an
adhesive. Each of the two or more disc-shaped layers has a thickness between
approximately 1.3 millimeters and 2.3 millimeters, and a maximum water permeability of
between approximately 450 ml/cm2/min and 650 ml/cm2/min. The sewing ring includes
an insert disposed between the disc-shaped layers, the insert being more rigid than the
disc-shaped layers. The insert is formed of polyether ether ketone, titanium, a titanium
alloy, a cobalt chromium alloy, or a shape-memory polymer. The insert is covered in
silicone. The insert is a lattice or web that defines a central opening that admits the
inflow cannula of the blood pump. The insert has an inner perimeter, an outer perimeter,
and a plurality of extensions that extend radially inward between the outer perimeter and
the inner perimeter. The insert is formed of a resilient material. The insert is formed of a
nickel-titanium alloy. The sewing ring has a flexural modulus of greater than 50 psi. The
sewing ring has a flexural modulus of at least 60 psi. The sewing ring has a flexural
modulus of at least 75 psi. The sewing ring has a flexural modulus of at least 100 psi.
The sewing ring has a flexural modulus of at least 125 psi. The sewing ring has a
flexural modulus of at least 150 psi. The sewing ring has a flexural modulus of less than
1500 psi. The sewing ring has a flexural modulus of less than 1000 psi. The sewing ring
has a flexural modulus of less than 750 psi.

In another general aspect, a method includes attaching a cuff to a heart, the cuff
being sufficiently rigid such that at least a portion of a myocardium of the heart is
flattened by the attaching. The method also includes forming an opening in the
myocardium, positioning an inflow cannula of a blood pump through a central opening in
the cuff and into the opening in the myocardium, and attaching the blood pump to the

cuff,
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Implementations may include one or more of the fdllowing features. For
example, the method includes attaching one or more sutures to one or more suture
anchors disposed on an exterior of the blood pump. Attaching the one or more sutures to
one or more suture anchors includes passing a suture through an eyelet disposed along an
outer perimeter of the blood pump and through a portion of the cuff. Attaching the one or
more sutures to one or more suture anchors includes passing a suture through an eyelet
disposed along an outer perimeter of the blood pump and through a portion of the
myocardium. Attaching the one or more sutures to one or more suture anchors includes
attaching sutures at multiple suture anchors disposed around an outer perimeter of the
blood pump, the sutures extending through a sewing ring of the cuff and maintaining the
position of the sewing ring generally along a plane perpendicular to the inflow cannula.
Attaching the blood pump to the cuff includes engaging a coupling mechanism
configured to prevent translation of the inflow cannula through the central opening of the
cuff. Engaging the coupling mechanism includes holding the cuff at an outer edge of the
cuff and applying a counterforce with the cuff against the blood pump. Attaching the
blood pump to the cuff includes engaging a locking mechanism after engaging the
coupling mechanism. Forming the opening in the myocardium includes cutting the
opening in the myocardium through the cuff after the cuff is attached to the heart.
Attaching the cuff to the heart includes attaching the cuff to the heart after forming the
opening in the myocardium, the central opening of the cuff being positioned over the
opening in the myocardium. Attaching the cuff to the heart includes attaching to the
heart a cuff that includes a sewing ring that includes two or more layers of fabric.
Attaching the cuff to the heart includes attaching to the heart a cuff that includes a
generally planar insert disposed between two or more layers of fabric, the generally
planar insert being more rigid than the two or more layers of fabric. The method includes
surrounding the blood pump within an implantable fabric cover defining a pocket around
the blood pump. The forming is performed before the attaching. The forming and the
positioning of the inflow cannula are performed substantially in one step.

In another general aspect, a method includes: attaching a cuff to a heart, the cuff
having a central opening; forming an opening in the heart; positioning an inflow cannula

of a blood pump through the central opening in the cuff and into the opening in the heart;
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and attaching the blood pump to the cuff with a suture anchored to a suture anchor on the
exterior of the blood pump.

In another general aspect, a method includes: attaching a cuff to a heart, the cuff
having a central opening; forming an opening in the heart; positioning an inflow cannula
of a blood pump through the central opening in the cuff and into the opening in the heart;
attaching the blood pump to the cuff; and enclosing the implanted blood pump within an
implantable fabric cover.

In another general aspect, a system includes a blood pump having an inflow
cannula defining a lumen and a central axis and a cuff for attachment to a heart. The cuff
includes a fabric disc defining a central opening. The cuff or the inflow cannula includes
a portion extending radially outward from the central axis. The portion is configured to
contact an endocardium of the heart when the blood pump is implanted with the inflow
cannula extending into the heart through the central opening of the cuff.

Implementations may include one or more of the following features. For
example, the inflow cannula includes a proximal end that flares outward. The cuff
includes a flexible portion that is configured to deflect inward to enter a hole in the heart,
and is configured to expand outward within the heart to rest against the endocardium.,
The cuff has a proximal portion and a distal portion that each extend radially outward
from the central axis, and a distance between the proximal portion and the distal portion
is adjustable to capture a portion of a myocardium of the heart between the proximal
portion and the distal portion. The cuff includes a proximal portion and a distal portion
and a length between the proximal portion and distal portion, wherein the length is
adjustable. The cuff includes a member configured to exert a force on heart tissue
located between the proximal portion and the distal portion. The cuff includes a frame
that is resilient or has a shape memory. The frame is configured to expand a proximal
portion of the cuff radially outward from the central axis within the heart to capture a
portion of the heart located about the cuff. The frame is configured to contract along the
central axis when deployed in a hole in the heart.

In another general aspect, a cuff for attachment to a heart defines an opening to

admit a cannula of a heart pump. A coupling mechanism couples the cuff about the
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cannula, and a locking mechanism secures the position of the cuff set by the coupling
mechanism.

In another general aspect, an implantable system includes a cuff, a surface
defining channels, and a clip having arms that extend into the channels. The arms travel
along the channels during movement of the clip between an unlocked position of the clip
and a locked position of the clip. The clip permits the cuff to be coupled about a cannula
when the clip is in the unlocked position, and the clip is configured to secure the cuff
relative to the cannula when the clip is in the locked position.

Implementations can include one or more of the following features. For example,
the implantable system includes a cover, and the clip is captured between the cover and
the surface. The cannula has a longitudinal axis, and the clip moves between the
unlocked position and the locked position in a plane perpendicular to the longitudinal
axis. The cover and the surface define a slot, and the clip travels along a linear direction
through the slot to enter the locked position. The channels define detents, and when the
cuff is not coupled to the cannula, movement of the clip from the unlocked position
toward the locked position engages the arms into the detents to impede the clip from
entering the locked position. Each of the arms can engage a detent independent of
whether another arm engages a detent, and engagement of any of the arms with a detent
impedes the clip from entering the locked position. When the clip moves toward the
locked position and the cuff is coupled about the cannula, the arms engage the cuff to
avoid the detents. The arms include teeth configured to limit rotation of the cuff about
the cannula when the clip is in the locked position. A sealing ring is disposed about the
cannula, and the sealing ring is engageable to an inner surface of the cuff to couple the
cuff to the cannula. The clip includes a visual indicator disposed such that the visual
indicator is exposed when the clip is not in the locked position and the visual indicator is
obscured when the clip is in the locked position. The clip includes a latch that impedes
the clip from exiting the locked position.

In another general aspect, an implant includes a cuff defining an opening
configured to receive a cannula coupled to a heart pump and a coupling mechanism
having a first position and a second position. The cuff is uncoupled from the cannula in

the first position and the coupling mechanism couples the cuff to the cannula in the
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second position. The implant includes a locking mechanism configured to secure the
coupling mechanism in the second position, and the locking mechanism is configured to
be moved to a locked position after the coupling mechanism is in the second position.

Implementations can include one or more of the following features. For example,
a first action positions the coupling mechanism in the second position, and a second
action activates the locking mechanism to secure the coupling mechanism in the second
position, and the second action occurs subsequent to and separate from the first action.
The cannula includes a flange and a circumferential ridge, and the coupling mechanism is
configured to capture the cuff about the cannula between the flange and the
circumferential ridge. The cannula includes (i) an attachment portion between the flange
and the circumferential ridge and (ii) an inflow portion, and the attachment portion has an
outer diameter greater than an outer diameter of the inflow portion. The cuff includes an
inner portion, an outer portion, and a member each disposed concentrically about the
opening, the member being disposed between the inner portion and the outer portion, and
the outer portion extending in a direction generally perpendicular to the member. The
coupling mechanism includes a clamp coupled to the cuff and disposed about the
opening.

Implementations can include one or more of the following features. The clamp
has a first end and a second end, the clamp configured such that bringing the first end
near the second end opens the clamp and moving the two ends apart closes the clamp.
The locking mechanism includes a cam that defines a channel, the cam being coupled to
the first end of the clamp and being configured to rotate about the first end, the second
end of the clamp being disposed in the channel and being configured to travel within the
channel. The channel includes a curved portion, the curved portion being configured to
limit the motion of the second end of the clamp in the channel when the clamp is closed.
The coupling mechanism includes an attachment member coupled about the opening of
the cuff, the attachment member having one or more flanged portions that extend outward
from the opening, and the locking mechanism includes a clip configured engage the
flanged portions to limit movement of the cuff relative to the cannula. The clip is
configured to enter a slot in the pump to secure the cuff to the pump. The attachment

member includes one or more extensions each including a contact portion that extends
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toward the opening, the cannula includes a tapered circumferential ridge, and the second
position of the coupling mechanism, the contact portions are disposed between the pump
and the circumferential ridge along the length of the cannula.

In another general aspect, a cuff for attachment to a heart includes a member
defining an opening, a seal coupled to the member and disposed about the opening, and a
clamp coupled to the seal and disposed about the opening. The clamp has a first end and
a second end, and the clamp is configured such that (i) bringing the first end near the
second end opens the clamp and (ii) moving the first end and the second end apart closes
the clamp.

Implementations can include one or more of the following features. For example,
a cam defining a channel, the cam being coupled to the first end of the clamp and being
configured to rotate about the first end, the second end of the clamp being disposed in the
channel and being configured to travel within the channel.

In another general aspect, a cuff for attachment to a heart includes a member
defining an opening, a linking member coupled to the member and disposed about the
opening, and an attachment member coupled to the linking member and disposed about
the opening. The linking member extends about an outer surface of the attachment

member. The attachment member is configured to attach the cuff to a cannula disposed

~ through the opening. The attachment member has at least one flanged portion extending

outward from the opening in a plane generally perpendicular to a circular portion of the
attachment member.

Implementations can include one or more of the following features. For example,
the linking member is molded over a portion of the attachment member, and the
attachment member is coupled to the member through the linking member. The
attachment member includes at least one extension disposed generally perpendicular to
the member, the extension having a tapered portion disposed on a surface of the
extension facing toward the opening. The attachment member defines circumferential
groove configured to admit a sealing ring. The linking member includes an elastomer.
The linking member is configured to form a seal.

In another general aspect, a method of attaching a ventricular assist device to a

patient, includes: attaching a cuff to a heart, the cuff defining an opening; removing tissue
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of the heart through the opening of the cuff; inserting a cannula through the opening of
the cuff; engaging a coupling mechanism to set a position of the cuff relative to the
cannula; and engaging a locking mechanism to secure the position of the cuff relative to
the cannula.

Implementations can include one or more of the following features. For example,
selecting a location near the apex of the heart to attach the cuff. Engaging a cardiac
bypass system so that blood is not circulating through the heart. Engaging the coupling
mechanism includes inserting a tapered portion of the cannula into the cuff so that one or
more extensions of the cuff engage a groove defined adjacent to the tapered portion.
Engaging the locking mechanism includes inserting a clip that engages the cuff and a
pump coupled to the cannula. Engaging the coupling mechanism includes closing a
clamp coupled to the cuff so that the clamp engages a groove defined in the cannula.
Engaging the locking mechanism includes capturing an end of a clamp to secure the
clamp in a locked position. Engaging the coupling mechanism to set a position of the cuff
relative to the cannula includes positioning the cuff such that an inner surface of the cuff
engages a sealing ring disposed about the cannula and a bottom surface of the cuff
engages a surface of the cannula or a surface of a pump that is coupled to the cannula.
Engaging the locking mechanism includes moving a clip in a plane perpendicular to the
cannula. Engaging the locking mechanism includes moving a clip into a locked position
about the cuff, the clip limiting travel of the cannula out of the cuff. Engaging the
locking mechanism includes engaging a latch that secures the clip in the locked position.

In another general aspect, a system includes a cuff having an annular member
defining an opening and an attachment member disposed about the opening. The

attachment member includes a flanged portion oriented generally parallel to the annular

“member, and the flanged portion extends outward from the opening. A clip is configured

to be coupled about the attachment member between the annular member and the flanged
portion.

Implementations can include one or more of the following features. For example,
the system includes a pump assembly that includes a cannula, and the clip is configured
to travel relative to the pump assembly from an unlocked position to a locked position in

which the clip secures the cuff about the cannula. The clip is configured to travel along a
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substantially linear path from the unlocked position to the locked position. When the cuff
is coupled to the pump assembly and the clip is in the locked position, the clip impedes
rotation of the cuff about the cannula. The cuff includes ridges disposed on the
attachment member, and the clip is configured to engage the ridges to impede rotation of
the cuff. The clip is configured to engage the pump assembly such that the travel of clip
to the locked position is impeded when the cuff is improperly seated about the cannula.
The clip is configured to engage the pump assembly such that travel of clip to the locked
position is impeded when the cuff is not coupled to the pump assembly. The system
includes a visual indicator that is visible when the clip is not in the locked position and is
obscured when the clip is in the locked position. When the clip is in the locked position,
engagement of the clip and the pump assembly impedes travel of the clip out of the
locked position. The clip has arms that are configured to extend about the cuff in the
locked position, the arms being configured such that any of the arms can engage the
pump assembly to impede travel of the clip into the locking position.

In another general aspect, a system includes a cuff having a member defining an
opening and an attachment member disposed about the opening. The attachment member
includes (i) a clamp having a first end and a second end, and (ii) a cam defining a
channel. The cam is coupled to the first end of the clamp and is configured to rotate
about the first end. The second end of the clamp is disposed in the channel and is
configured to travel within the channel.

The features described can be used in any appropriate combination and
subcombination, including combinations across multiple aspects described above.
Features described with respect to one aspect can additionally or alternatively be included
in implementations of any of the other aspects. The details of one or more
implementations are set forth in the accompanying drawings and the description below.
Other features, objects, and advantages will be apparent from the description and

drawings, and from the claims.

DESCRIPTION OF DRAWINGS
Fig. 1 is a perspective view of a pump installed at a heart.

Fig. 2A is a perspective view of a ventricular cuff.

10
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Fig. 2B is a side view of a cannula for coupling to the ventricular cuff.

Fig. 3 is an exploded view of the ventricular cuff.

Fig. 4A is a perspective view of a tube from which a seal member of the
ventricular cuff can be fabricated.

Fig. 4B is a perspective view of a seal member of the ventricular cuff.

Fig. 5A is a perspective view of a cam of the ventricular cuff.

Figs. 5B to 5E are respectively top, bottom, lateral side, and opposite lateral side
views of the ventricular cuff.

Fig. 6 is a side cross-sectional view of the ventricular cuff coupled to the cannula
across line 6-6 of Fig. 8D.

Figs. 7A to 7D are top views illustrating the closing of a clamp of the ventricular
cuff.

Figs. 8A to 8D and 9A to 9C are perspective views illustrating the coupling of the
ventricular cuff to the pump.

Figs. 10A to 10D are perspective views illustrating a process for implanting the
ventricular cuff and the pump.

Fig. 11Ais a perspective view of a ventricular cuff.

Fig. 11B is a side view of a cannula for coupling to the ventricular cuff of Fig.
11A.

Fig. 12A is a perspective view of an attachment member of the ventricular cuff of
Fig. 11A. '

Fig. 12B is a side cutaway view of an extension of the attachment member.

Fig. 13A is a perspective view illustrating the top of a clip.

Fig. 13B is a perspective view illustrating the bottom of the clip.

Fig. 13C is a side view of a post of the clip.

Figs. 14A to 14C are perspective views illustrating the engagement of the clip
with a pump.

Figs. 15A to 15C are perspective views illustrating the coupling of the pump of
Fig. 14A to the ventricular cuff of Fig. 11A using the clip.

Fig. 16 is a side cross-sectional view of the ventricular cuff of Fig. 11A coupled to

the cannula of Fig. 11B across line 16-16 of Fig. 15C.
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Fig. 17A is a perspective view of a ventricular cuff.

Fig. 17B is a side view of a cannula for coupling to the ventricular cuff of Fig.
17A.

Fig. 18A is a perspective view of an attachment member of the ventricular cuff of
Fig. 17A.

Fig. 18B is a cross-sectional view of a portion of the ventricular cuff of Fig. 17A.

Figs. 19A and 19B are cross-sectional views illustrating the engagement of the
ventricular cuff of Fig. 17A with the cannula of Fig. 17B.

Fig. 20 is a side cross-sectional view of the ventricular cuff of Fig. 17A coupled to
the cannula of Fig. 17B and secured to the pump of Fig. 14A using the clip.

Fig. 21 is a perspective view of a pump, a cannula, and a ventricular cuff.

Fig. 22A is a perspective view of the cuff of Fig. 21.

Fig. 22B is a side view of the ventricular cuff of Fig. 21.

Fig. 22C is a perspective view of an attachment member of the ventricular cuff of
Fig. 21.

Fig. 22D is a side cutaway view of the ventricular cuff of Fig. 21.

Figs. 23A and 23B are side cutaway views of the cannula and ventricular cuff of
Fig. 21.

Figs. 24A and 24B are cross-sectional view of sealing rings.

Fig. 25A is a perspective view of the pump of Fig. 21.

Fig. 25B is an exploded view of the pump of Fig. 21.

Fig. 26A is a top perspective view of a clip that cooperates with the pump and the
ventricular cuff of Fig. 21.

Fig. 26B is a bottom perspective view of the clip of Fig. 26A.

Fig. 26C is a side view of an end portion of an arm of the clip of Fig. 26A.

Fig. 26D is a side cross-sectional view of a tooth of the clip of Fig. 26A.

Fig. 27 is a perspective view of a surface of the pump of Fig. 21.

Figs. 28A to 28C are perspective views illustrating different motions of the clip of
Fig. 26A relative to the pump of Fig. 21.

Figs. 29A to 29C are bottom views of different positions of the clip of Fig. 26A
relative to the pump of Fig. 21.
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Figs. 30A to 30C are top perspective views of different positions of the clip of

Fig. 26A relative to the pump of Fig. 21.

Fig.

of Fig. 21.

Fig.
Fig.

heart,

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

31 is a side cutaway view of the pump, the cannula, and the ventricular cuff

32 is a perspective view of a pump installed at a heart.

33 is a perspective view of the pump of Fig. 32 and a cuff attached to the

34A is an exploded view of the cuff of Fig. 33.

34B is a side view of the cuff of Fig. 33.

34C is a top view of an insert that may be included in the cuff of Fig. 33.
34D is an exploded view of the cuff of Fig. 33 including the insert.

35 is a side cutaway view of two different cuffs and associated pumps.
36A is a side view of the pump of Fig. 32.

36B is a top view of the pump of Fig. 32.

Figs. 37A and 37B are perspective views of a portion of the pump of Fig. 32.

Fig.
Fig.
Fig.
Fig.
Fig.

37C is a side cutaway view of a portion of the pump of Fig. 32 and a needle.
38 is a top view of an alternative cuff.

39 is a cross-sectional view of the pump of Fig. 32 with a flexible cover.

40 is a flow chart illustrating a process for implanting a pump.

41 is a cross-sectional view of an assembly of a cuff and an inflow cannula.

Figs. 42A and 42B are cross-sectional views of another assembly of a cuff and an

inflow cannula.

Figs. 43 and 44 are cross-sectional views of alternative cuffs.

DETAILED DESCRIPTION

Referring to Fig. 1, a ventricular assist system 10 for treating, for example, a

patient with a weakened left ventricle, includes a blood pump 12 that receives blood from

a patient’s heart 14, The pump 12 is coupled to a cuff 20, which in turn is attached to the

heart 14. The cuff 20 is attached to the heart by, for example, sutures that attach a portion

of the cuff 20 to the apex of the left ventricle of the heart 14. The pump 12 receives
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blood from the heart through an inflow cannula 50 (Fig. 2B) of the pump 12 disposed
through an opening in the cuff 20.

Referring to Figs. 2A and 2B, the cuff 20 defines an opening 30 that admits the
inflow cannula 50. The cuff 20 includes a coupling mechanism, for example, a clamp 26
that couples the cuff 20 to the cannula 50. The cuff 20 also includes a locking
mechanism in the form of a cam 28 that secures the clamp 26 in a closed position. The
locking mechanism, by maintaining the position of the coupling mechanism, limits the
possibility of the cuff 20 accidentally becoming uncoupled from the cannula 50. The
locking mechanism can secure the cuff 20 to the cannula 50 such that, for example,
removal of the cuff 20 from the cannula 50 requires more than one action, or the cannula
50 is no longer free to rotate or translate with respect to the cannula 50 without
significant outside influence, such as by a clinician.

Referring to Fig. 3, the cuff 20 is illustrated in a view illustrating individual
disassembled parts, including a fastening member 22, a linking member 24, the clamp 26,
and the cam 28. The components illustrated can be preassembled and delivered to a
clinician as a single unit. The fastening member 22 is generally ring-shaped and includes
a contact surface 23 to contact heart tissue. The fastening member 22 is composed of a
material through which sutures can be placed, for example a fabric such as
polytetrafluoroethylene (PTFE) felt. In an implanted state, sutures or staples bind the
fastening member 22 to heart tissue to couple the cuff 20 to the heart 14. In one
embodiment, the fastening member 22 and the linking member 24 are pre-assembled
together as one unit.

Referring to Figs. 4A and 4B, the linking member 24 can be fabricated by
reshaping a tube 25 formed of, for example, an elastomer such as silicone. The linking
member 24 is formed, for example, by folding an upper portion 32 of the tube 25 and a
lower portion 33 of the tube 25 about an outer circumference 31 of the tube 25. The
resulting linking member 24 defines a circumferential groove 34 between generally
parallel ring-shaped portions 35, 36. The linking member 24 also includes a
circumferential inner surface 40 that forms a seal with the cannula 50.

The linking member 24 can also be fabricated to include ring-shaped

reinforcement members 37, 38 (Fig. 6) that includes, for example, a mesh material or a
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knitted fabric formed of a material such as polyester. A knitted fabric or mesh material is
embedded into a silicone sheet. The silicone sheet is die-cut into ring-shaped portions 35,
36 that respectively include the ring-shaped reinforcement members 38, 37. The ring-
shaped portions 35, 36 are then placed in a silicone mold and overmolded with additional
silicone. The molded silicone binds the ring-shaped portions 35, 36 together and creates
a flexible connection between the ring-shaped portions 35, 36, which include the
reinforcement members 38, 37.

Referring to Fig. 2A and Fig. 3, the clamp 26 includes a circular portion 70
formed of a resilient material, such as metal wire. For example, the circular portion 70
can be formed of stainless steel or a cobalt chromium alloy, each of which can provide
implantability, long term stability, and resiliency. In the assembled cuff 20, the circular
portion 70 is disposed in the circumferential groove 34 of the linking member 24. The
linking member 24 is thus couples the clamp 26 to the fastening member 22. Sutures 42
pass through the fastening member 22 and the ring-shaped portions 35, 36 of the linking
member 24, capturing the circular portion 70 in the linking member 24 and coupling the
linking member 24 to the fastening member 22. The reinforcement members 37, 38 limit
tearing of the linking member 24 by the sutures 42. In addition to, or instead of, sutures
42, the linking member 24 can be coupled to the fastening member 22 by an adhesive or
by overmolding the linking member 24 over a portion of the fastening member 22.

The clamp 26 has a relaxed position toward which it wants to return after a load is
applied to open or close the clamp 26. The circular portion 70 is expanded by moving the
arms 72, 74 closer together. The circular portion 70 is contracted by increasing the
distance between the arms 72, 74. Expansion of the circular portion 70 beyond the
relaxed position loads the circular portion 70, causing the circular portion 70 to exert a
force that tends to contract the circular portion 70 (e.g., an inward radial force).
Conversely, compression of the circular portion 70 beyond the relaxed position loads the
circular portion 70 such that the circular portion 70 exerts a force to expand the circular
portion 70 (e.g., an outward radial force).

The clamp 26 includes a pivot arm 72 and a travelling arm 74 that extend from the
circular portion 70. The pivot arm 72 and the travelling arm 74 provide leverage to

expand and contract the circular portion 70, thus opening and closing the clamp 26. The
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pivot arm 72 includes a pivot end 73, and the travelling arm 74 includes a travelling end
75. The ends 73, 75 extend generally perpendicular to their respective arms 72, 74. The
ends 73, 75 each pass through the cam 28 and are captured in the cam 28 by a cap 76, 77.

Referring to Figs. 5A to SE, the cam 28 includes a top side 78, a bottom side 79,
and opposite lateral sides 80, 81. The cam 28 can be formed of, for example, polyether
ether ketone (PEEK) or stainless steel. The cam 28 defines a pivot hole 82 that admits
the pivot end 73, and defines a channel 83 that admits the travelling end 75. About the
pivot hole 82, in the top side 78, the cam 28 defines a recess 84 that receives the cap 76.
Opposite the recess 84, the cam 28 includes a boss 89 that extends from the bottom side
79. The height, H, of the boss 89 maintains a space between the pivot arm 72 and the
bottom side 79. By contrast, the travelling arm 74 can contact the bottom side 79. The
two arms 72, 74 travel in different planes separated by the distance H. Because the boss
89 maintains the pivot arm 72 at a distance from the bottom side 79, the travelling arm 74
can move relative to the pivot arm 72 without contacting the pivot arm 72. The cap 77 is
disposed adjacent to the top side 78 and the cap 76 is disposed in the recess 84 such that
the caps 76, 77 do not contact each other during operation of the clamp 26.

The channel 83 defines a path, such as a curve, between a detent 85 and an end 86
located near the pivot hole 82. The detent 85 includes a hooked portion of the channel 83
that captures the travelling end 75 to secure the clamp 26 in the closed position.

The cam 28 includes an extension 87 that indicates proper placement of the cuff
20 relative to the pump 12. As the cuff 20 becomes coupled to the cannula 50, the
extension 87 engages the surface 13 of the pump 12 to indicate proper placement of the
cuff 20 relative to the pump 12. In addition, the extension 87 aligns the cam 28 in a plane
generally parallel to the surface 13. Alignment of the cam 28 with respect to the surface
13 reduces the likelihood that the cam 28 may engage a portion of the pump 12 and
improperly impede the clamp 26 from closing completely. The cam 28 also includes a
raised portion 88 extending from the top side 78, which facilitates manipulation of the
cam 28. The raised portion 88 is rounded to rest against the outer circumference of the
pump 12 when the cam 28 is locked (see Fig. 9C). The raised portion 88 defines a slot 90

in which a tool or surgical instrument can be inserted to unlock the cam 28. The slot 90
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can be used to pry open the clamp 26, for example, if tissue in-growth makes manual
manipulation of the cam 28 difficult.

Manipulation of the cam 28 moves the clamp 26 between open and closed
positions. In the open position, the clamp 26 permits a proximal portion 52 of the
cannula 50 to pass through the opening 30. In the closed position, the clamp 26 presses
inward to couple the cuff 20 to the cannula 50. In the closed position, the clamp 26
presses the linking member 24 into engagement with the cannula 50, and the
circumferential inner surface 40 of the linking member 24 forms a seal with the cannula
50.

Referring to Fig. 2B, the cannula 50 is shown by itself here but is generally an
integrated component of the pump 12. In some implementations, the pump 12 can
receive different interchangeable cannulas to achieve an appropriate fit in a particular
anatomy. The cannula 50 includes the proximal portion 52 that passes through the
opening 30 into the heart 14 and a distal portion 54 housed within the pump 12. Along
the length of the cannula 50, between the proximal portion 52 and the distal portion 54,
the cannula 50 includes a circumferential tapered portion 56, a circumferential ridge 58,
and a circumferential flange 62. The cannula 50 defines a circumferential groove 60 in
which the clamp 26 and the linking member 24 are received.

To couple the cannula 50 to the cuff 20, the proximal portion 52 is passed through
the opening 30, such that the circumferential tapered portion 56 engages the
circumferential inner surface 40 of the linking member 24, guiding the cannula 50 into
alignment with the cuff 20. Further advancement of the cannula 50 causes the
circumferential ridge 58 to travel past the circular portion 70 of the clamp 26. The action
of the circumferential ridge 58 passing the circular portion 70 provides a clinician tactile
feedback about the proper location of the components. The circumferential flange 62
limits further travel of the cannula 50 relative to the cuff 20, positioning the circular
portion 70 of the clamp 26 about the circumferential groove 60. The fastening member
22 is disposed about the cannula 50, generally about the circumferential ridge 58.

The cuff 20 is sized so that the inner diameter of the cuff 20 is greater than the
outer diameter of the proximal portion 52, which facilitates insertion of the proximal

portion 52. With the clamp 26 in its open position, the size of the inner diameter of the
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cuff 20 approximates that of the outer diameter of the circumferential ridge 58. The
circumferential ridge 58 is rounded, permitting the linking member 24 to slide over the
circumferential ridge 58 and into the circumferential groove 60. Thus a clinician can
determine that the cuff 20 is properly positioned relative to the cannula 50 by
experiencing the tactile sensation of the linking member 24 entering the circumferential
groove 60.

Referring to Fig. 6, the cuff 20 is coupled to the cannula 50 by moving the clamp
26 to its closed position. In the closed position, the inner diameter of the clamp 26 is
smaller than the outer diameter of the circumferential ridge 58. The clamp 26 presses the
linking member 24 into the circumferential groove 60, forming a seal and capturing the
cannula 50 in the cuff 20. The outer diameter of the cannula 50 at the circumferential
groove 60 is larger than the outer diameter of the proximal portion 52. The differential in
diameter allows passage of a coring tool through the cuff 20. In some instances, the
coring tool can be slightly larger than the proximal portion 52 of the cannula 50. In
addition, the differential in diameter can allow the clinician to further confirm proper
placement of the cuff 20 relative to the cannula 50. A clinician can confirm proper
placement by applying a small axial load that would tend to separate the cannula 50 from
the cuff 20. If the cannula 50 and the cuff 20 separate easily, then the cuff 20 is
improperly seated. If cannula 50 and the cuff 20 remain coupled, however, the cuff 20 is
properly seated. ,

Referring to Fig. 7A, as the clamp 26 moves from the open position of Fig. 7A to
the closed position of Fig 7C, the cam 28 rotates about the pivot end 73 in a plane. As the
cam 28 rotates, the travelling end 75 travels through the channel 83. In the open position,
the pivot arm 72 and the travelling arm 74 are located near each other, and the circular
portion 70 is expanded beyond its relaxed position. In this position, the clamp 26 can
admit the circumferential ridge 58 of the cannula 50 through the opening 30. The
travelling end 75 is located at the end 86 of the channel 83 nearest the pivot end 73.

Because the circular portion 70 is loaded, the circular portion 70 exerts a force on
the end 75 in the direction of arrow F; to separate the pivot arm 72 and the travelling arm
74. Nevertheless, the open position is stable because the force acts away from the length

of the channel 83 and instead presses the travelling end 75 into the end 86 of the channel
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83. As aresult, the open position can be maintained while the cannula 50 is placed
relative to the clamp 26.

From the open position, a clinician closes the clamp 26 by exerting a force on the
side 80 of the cam 28, causing the cam 28 to rotate in a plane about the pivot end 73. A
small rotation of the cam 28 in the direction of arrow R; brings the length of the channel
83 into closer alignment with the direction of force, F;, exerted by the circular portion 70
on the travelling end 75. The force exerted by the circular portion 70 continues the
rotation of the cam 28 about the pivot end 73 as the clamp 26 continues to close.

Referring to Fig. 7B, the clamp 26 is in an unstable position between the open
position and the closed position. Force exerted by the loaded circular portion 70
continues to rotate the cam 28 in the plane and close the clamp 26. The distance between
the pivot arm 72 and the travelling arm 74 increases, and the circular portion 70
contracts, resulting in an overlap of the circular portion 70 of a distance, D;. The
clinician is not required to apply additional force on the cam 28 to move the clamp 26 to
the closed position. The clamp 26 exerts a force in the direction of arrow F», moving the
end 75 through the channel 83. As the travelling end 75 proceeds through the channel 83,
the cam 28 continues to rotate about the pivot end 73, as indicated by arrow R..

Referring to Fig. 7C, with the clamp 26 in the closed position, the cannula 50 is
captured within the clamp 26. The size of the circular portion 70 in the closed position
can be selected to permit rotation of the cannula 50 relative to the cuff 20 or to limit such
rotation.

The closed position is stable. The circular portion 70 is in its unloaded, relaxed
position. As a result, the clamp 26 does not exert a force on the travelling end 75 in
either direction along the channel 83. The travelling end 75 is located in the channel 83
near the detent 85 but not in the detent 85.

To lock the clamp 26, the clinician applies a force to the side 80 of the cam 28, in
the direction of arrow C, which rotates the cam 28 further in the plane. As the cam 238
rotates, the cam 28 exerts a force on the travelling end 75 that is generally aligned with
the channel 83, causing the arms 72, 74 to separate further. Rotation of the cam 28
moves the travelling end 75 into the detent 85 and loads the circular portion 70. This

action closes the circular portion 70 beyond its relaxed position, reducing the diameter of
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the circular portion 70 to lock the clamp 26 about the circumferential groove 60 of the
cannula 50. Locking the clamp 26 also causes the circular portion 70 to exert an inward
radial force to compress the linking member 24 and press the circumferential inner
surface 40 into the circumferential groove 60, forming a hemostatic seal.

Referring to Fig. 7D, in the locked position of the clamp 26, the cam 28 impedes
the clamp 26 from opening. The circular portion 70 is slightly compressed beyond its
relaxed position, such that the overlap distance Dj is larger than D,. The loaded circular
portion 70 exerts a force on the travelling end 75 in the direction of arrow F3, which
presses the travelling end 75 into the detent 85. Because the circular portion 70 forces
the travelling end 75 into the detent 85, the travelling end 75 is impeded from traveling
through the channel 83 and moving the clamp 26 into the open position.

To open the clamp 26 from the locked position, the travelling end 75 must be
dislodged from the detent 85. The clinician applies a force, for example, in the direction
of arrow U, to overcome the force of the loaded circular portion 70. The force rotates the
cam 28 in the plane such that the travelling end 75 slides out of the detent 85.

From the closed position (Fig. 7C), the clamp 26 can be opened by exerting a
force on the side 81 away from the circular portion 70, which rotates the cam 28 opposite
the direction of arrows R and R; until the open position is reached. The cannula 50 can
then be removed or repositioned relative to the clamp 26 before the clamp 26 is closed
again. ,

Referring to Fig. 8A, the cuff 20 is in the open position before being coupled to
the cannula 50 of the pump 12. Generally, during the implantation process, the cuff 20
will first be attached to the heart 14 and then heart tissue will be removed to admit the
proximal portion 52 of the cannula 50. In addition, or alternatively, heart tissue can also
be removed before the cuff 20 is attached to the heart 14.

The cannula 50 is fixedly coupled to the pump 12, for example, the cannula 50
can be sealed and welded to the pump 12. Alternatively, the cannula 50 can be
removably coupled to the pump 12, for example, by a threaded connection or by a
mechanism that permits the cannula 50 to snap into place. A clinician can select a
cannula 50 that best fits the anatomy of the patient, and can couple the cannula 50 to the

pump 12 prior to or during a procedure. When the cannula 50 is coupled to the pump 12,
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the distal portion 54 is housed within the pump 12 and the proximal portion 52 extends
from a top surface 13 of the pump 12. A clinician may select a cannula 50 that extends an
appropriate distance into the heart 14. For example, a clinician may a cannula 50 with a
first length for a left VAD so that the cannula 50 extends the proper distance into the heart
14. For implantation of a right VAD, however, the clinician may use a cannula with a
different length so that the cannula extends a different distance into a heart.

To couple the cannula 50 to the cuff 20, the pump 12 and the cannula 50 are
advanced toward the cuff 20 so that the proximal portion 52 of the cannula 50 enters the
opening 30. As the cannula 50 travels relative to the cuff 20, the circumferential ridge 58
engages the circumferential inner surface 40 of the linking member 24. Further travel of
the cannula 50 relative to the cuff 20 advances the circumferential ridge 58 through the
linking member 24, so that the clamp 26 and the linking member 24 are disposed about
the circumferential groove 60.

Advancing the circumferential ridge 58 through the linking member 24 produces
tactile feedback for the clinician, such as a snap-like sensation. The tactile feedback
indicates that the cuff 20 is properly seated against the circumferential flange 62 and that
the circular portion 70 is disposed about the circumferential groove 60. In some
implementations, as the circumferential ridge 58 engages the linking member 24 disposed
over the circular portion 70, the circumferential ridge 58 slightly expands the circular
portion 70. When the circumferential ridge 58 passes through the clamp 26, the clamp 26
contracts to its open position, contributing to the tactile feedback experienced by the
clinician.,

Referring to Figs. 8B and 9A, the cuff 20 is disposed about the cannula 50, with
the linking member 24 partially disposed in the circumferential groove 60. In this
position, the clamp 26 can be closed to capture the cannula 50 in the cuff 20. To close the
clamp 26, the clinician manipulates the cam 28 to begin rotating the cam 28 about the
pivot end 73, in the direction of arrow Rs.

Referring to Figs. 8C and 9B, the resilient force of the clamp 26 moves the
travelling end 75 through the channel 83 defined in the cam 28, continuing the rotation of
the cam 28 about the pivot end 73, in the direction of arrow C;. The circular portion 70

of the clamp 26 contracts and presses the linking member 24 into the circumferential
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groove 60. The contraction of the circular portion 70 captures the cannula 50 within the
cuff 20 because the circumferential ridge 58 cannot pass through the circular portion 70.

Referring to Figs. 8D and 9C, the clamp 26 is in a closed position and the cam 28
is in a locked position, maintaining the clamp 26 in the closed position. The travelling
end 75 of the clamp 26 is located in the detent 85 defined in the cam 28. From this
position, the clamp 26 is unlikely to be opened accidentally, because significant force is
required to remove the travelling end 75 from the detent 85. The top side 78 of the cam
28 is disposed against the top surface 13 of the pump 12, and the raised portion 88 of the
cam 28 rests against the outer circumference of the pump 12.

Referring to Fig. 10A, implantation of pump 12 to the heart 14 can include
selecting a location to attach the cuff 20. For example, the apex 15 of the left ventricle
can be selected as an operation site.

Referring to Fig. 10B, the cuff 20 is placed in contact with the heart 14 at the
selected operation site. The cuff 20 is attached to the heart 14, for example, with sutures.
In some embodiments, a cardiac bypass system is activated so that blood does not
circulate through the heart 14. A core section of heart tissue is removed through the
opening 30 of the cuff 20. Alternatively, in some embodiments, the cuff 20 can be
attached to the heart 14 and a core section of heart tissue can be removed in the absence
of a cardiac bypass. As another alternative, in some implementations, the core section of
heart tissue can be removed before attaching the cuff 20 to the heart 14.

Referring to Fig. 10C, heart tissue has been removed so that the proximal portion
52 can be admitted through the opening 30 of the cuff 20. The clamp 26 of the cuff 20 is
moved to its open position (not shown) and the proximal portion 52 of the cannula 50 is
received through the opening 30.

Referring to Fig. 10D, the proximal portion 52 advances through the opening 30
until the circular portion 70 of the clamp 26 is disposed about the circumferential groove
60. The clinician determines that the circular portion 70 is located about the
circumferential groove 60 based on (i) snap-like tactile feedback of the circumferential
ridge 58 passing through the linking member 24 and (ii) engagement of the linking
member 24 to the circumferential flange 62. The clinician couples the cuff 20 to the

cannula 50 by rotating the cam 28 in a plane generally parallel to the top surface 13 of the
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pump 12. Rotation of the cam 28 moves the clamp 26 to its closed position, in which the
cannula 50 is captured within the cuff 20. The clinician rotates the cam 28 further in the
plane to engage the locking mechanism of the cam 28, impeding the clamp 26 from
leaving the closed position. By engaging the locking mechanism of the cam 28,
orientation of the cuff 20 to the cannula 50 can be secured such that axial movement of
the cannula 50 relative to the cuff 20 and rotation of the cannula 50 relative to the cuff 20
are both impeded.

The size of the cuff 20 can be selected such that, when the pump 12 is coupled to
the cuff 20, the distance between the heart 14 and the top surface 13 of the pump 12 is
small. For example, the total height of the cuff 20 may be, for example, between
approximately 2mm and approximately 10mm. Because the cam 28 can be moved to a
locked position by planar movement, the locking mechanism does not require clearance
between the cuff 20 and the top surface 13.

In addition, the inflow cannula 50 can define two or more circumferential grooves
between two or more circumferential ridges. Multiple circumferential grooves can
provide different locations along the length of the cannula 50 at which the cuff 20 can be
coupled. A clinician couple the cuff 20 at a particular circumferential groove to select the
distance that the cannula 50 will extend into the heart 14.

The thickness of the fastening member 22 can be selected to adjust the length that
the cannula 50 extends into the heart 14. The use of a thicker fastening member 22 can
result in the cannula 50 extending a shorter depth into the heart 14 than the use of a
thinner fastening member 22. A clinician may select a cuff 20 that includes a fastening
member 22 of an appropriate thickness to set the distance that the cannula 50 extends into
the heart 14.

A clinician may also adjust the distance that the cannula 50 extends into the heart
by adding one or more spacers, such as a ring-shaped fabric washer, between the cuff 20
and the heart 14. For example, a clinician may place a spacer between the surface of the
heart 14 and the contact surface 23 of the fastening member 22. Sutures can be placed
through the fastening member 22 and through the spacer to attach the cuff 20 at an
appropriate distance from the heart 14.
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In some implementations, the length of the proximal portion 52 of the cannula 50
can be varied to achieve a desired length of extension of the proximal portion 52 into the
heart 14. For example, several inflow cannulas having proximal portions of different
lengths can be fabricated. A clinician can select an inflow cannula that has a proximal
portion corresponding to the desired length of extension into the heart of a particular
patient, and can couple the selected inflow cannula to a pump before or during a
procedure.

As an alternative to the clamp 26, the cuff 20 may include a resilient metal split
ring. A break or gap in the split ring permits the diameter of the split ring to expand as it
travels over the circumferential groove 58 of the cannula 50. Once the split ring is
located about the circumferential groove 60, the split ring contracts into the
circumferential groove 60 to couple the cuff 20 to the cannula 50. The split ring may
thus be operated without arms extending from the split ring and without a cam.

Referring to Figs. 11A and 11B, an alternative cuff 120 and an alternative cannula
150 can be used to couple a pump 250 (Fig. 14A) to heart tissue. A coupling mechanism,
for example, an attachment member 126, couples the cuff 120 to the cannula 150. A
locking mechanism in the form of a clip 200 (Fig. 13A) impedes the cuff 120 from
becoming uncoupled from the cannula 150.

The cuff 120 defines an opening 130 that admits a proximal portion 152 of the
cannula 150. The cuff 120 includes an annular fastening member 122, a linking member
124, and the attachment member 126. The fastening member 122 can be sutured to heart
tissue, and can include, for example, a fabric such as PTFE felt.

The linking member 124 is formed of, for example, an elastomer such as silicone,
and includes a reinforcement member 128 (Fig. 16) such as a mesh ring. The linking
member 124 is disposed about an outer circumference of the attachment member 126 and
serves as a linking member to couple the attachment member 126 to the fastening
member 122, as discussed further below. The linking member 124 is coupled to the
fastening member 122 by, for example, sutures. The linking member 124 can also be
molded directly to the fastening member 122. The linking member 124 includes a
bottom surface 125 configured to engage a generally flat circumferential flange 162 of

the cannula 150, forming a face seal with the circumferential flange 162.
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The cannula 150 includes the proximal portion 152 that enters the opening 130 of
the cuff 120 and a distal portion 154 that is housed in the pump 250. The cannula 150
includes a first circumferential taper 156 that engages extensions 136 of the attachment
member 126 and deflects them away from the cannula 150 as the cannula 150 advances
through the opening 130. The cannula 150 includes a second circumferential taper 158
and defines a circumferential groove 160 between the second circumferential taper 158
and the circumferential flange 162.

Referring to Figs. 12A and 12B, the attachment member 126 is formed of; for
example, a rigid material such as metal. The attachment member 126 includes a ring
portion 132 having a wall 133 with cutouts 134 that define flexible extensions 136. Each
extension 136 includes a lower tapered portion 138 (Fig. 12B) disposed on a free end 139
of the extension 136, facing inward toward the opening 130. As the first circumferential
taper 156 of the cannula 150 is inserted through the opening 130, the lower tapered
portions 138 engage the first circumferential taper 156, causing the extensions 136 to flex
outward from the opening 130 and permit the first circumferential taper 156 to pass
through the opening 130. When the lower tapered portions 138 are disposed in the
circumferential groove 160, the lower tapered portions 138 engage the second
circumferential taper 158 of the cannula 150 to impede the cannula 150 from easily
exiting the cuff 120. Each lower tapered portion 138 includes upper tapered portion 140,
and the width of each lower tapered portion 138, W, decreases along the length of each
lower tapered portion 138, between the upper tapered portion 140 and the free end 139.

The extensions 136 can have equal sizes or can be selected to have differing sizes.
For example, asymmetrical lengths of the extensions 136 can cause the extensions 136 to
engage the circumferential tapers 156, 158 sequentially rather than consecutively during
travel of the cannula 150 relative to the cuff 120, reducing the force required to couple
the cannula 150 to the cuff 120 or to uncouple the cannula 150 from the cuff 120.

The amount of force required to deflect the extensions is correlated with the angle
of the taper of the circumferential tapers 156, 158 and the tapered portions 138, 140. The
steepness of the taper angles can be selected such that different amounts of force along
the length of the cannula 150 are required to couple the cuff 120 to the cannula 150 can

remove the cuff 120 from the cannula 150. The engagement of tapers with a steep angle
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results in a lower percentage of axial force being transmitted radially outward than the
engagement of shallower tapers. Thus to allow the cuff 120 to be coupled to the cannula
150 with a smaller force than the force required to remove the cuff 120 from the cannula
150, the tapers of the lower tapered portions 138 and the circumferential taper 156 are
less steep than the tapers of the upper tapered portions 140 and the circumferential taper
158. Accordingly, more force is required to decouple the cuff 120 than to couple the cuff
120 to the cannula 150. The amount of force required to couple the cuff 120 to and
decouple the cuff 120 from the cannula 150 can be adjusted by the materials selected for
the attachment member 126, the thickness of the extensions 136, the length and width of
the extensions 136, and the geometry of the cutouts 134.

The attachment member 126 includes flanged portions 146, disposed between the
extensions 136 along the outer circumference of the attachment member 126, at the
bottom 141 of the attachment member 126. The flanged portions 146 extend generally
perpendicular to the wall 133. When the cuff 20 is coupled to the cannula 150, the
flanged portions 146 are disposed in a plane generally parallel to the circumferential
flange 162 of the cannula 150. When the cuff 20 is locked to the cannula 150, the
flanged portions 146 are captured between the clip 200 and the circumferential flange
162, impeding the cuff 120 from becoming uncoupled from the cannula 150.

The flanged portions 146 define holes 148 through which material of the linking
member 124 is molded or adhesive is applied to form mechanical locks that secure the
linking member 124 to the attachment member 126. Material of the linking member 124
is also molded or adhesively bonded through the cutouts 134 and over the ring portion
132. For example, silicone can be molded over the attachment member 126 and can be
molded over a portion of the fastening member 122. The linking member 124 can also be
coupled to the attachment member 126 with adhesive or sutures. The linking member
124 covers the flanged portions 146, an outer surface 142 of the wall 133, and a portion
of an inner surface 144 of the wall 133 (Fig. 16).

The flanged portions 146 and extensions 136 are disposed symmetrically along
the circumference of the attachment member 126, permitting the extensions 136 to
engage the circumferential tapers 156, 158 evenly about the cannula 150, and permitting

the flanged portions 146 to evenly press the bottom surface 125 of the linking member
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124 into engagement with the circumferential flange 162. The attachment member 126
can include more or fewer flanged portions 146 and extensions 136 than those illustrated.

To couple the cannula 150 to the cuff 120, a clinician inserts the proximal portion
152 of the cannula 150 through the opening 130. As the cannula 150 advances through
the opening 130, the first circumferential taper 156 passes the upper tapered portion 140
of the lower tapered portions 138. The engagement of the lower tapered portions 138
with the first circumferential taper 156 (which resists advancement of the cannula 150 by
deflecting the extensions 136) ends abruptly, permitting the extensions 136 to straighten
so that the lower tapered portions 138 reside in the circumferential groove 160. The
sudden decrease in resistance to advancement of the cannula 150 produces a tactile snap-
like sensation, indicating to the clinician that the cannula 150 is coupled to the cuff 120.
The upper tapered portion 140 of the lower tapered portions 138 engage the second
circumferential taper 158, impeding the cannula 150 from separating from the cuff 120.
The bottom surface 125 of the linking member 124 engages the circumferential flange
162, limiting further advancement of the cannula 150 relative to the cuff 120.

After the cannula 150 and cuff 120 are coupled, the cannula 150 can be separated
from the cuff 120 by a force sufficient to deflect the extensions 136. Engagement of the
upper tapered portions 140 with the second circumferential taper 158 deflects the
extensions 136, allowing the cannula 150 to be removed from the cuff 120.

Referring to Figs. 13A and 13B, the clip 200 is used to secure the cuff 120 about
the cannula 150. The clip 200 cooperates with features of the pump 250, described
below, to limit travel of the cuff 120 relative to the cannula 150. The clip 200 includes a
top side 202, a bottom side 204, and opposite lateral sides 206, 208. The clip 200 can be
formed of, for example, a rigid plastic, such as PEEK, or metal, such as titanium.

The clip 200 includes guide rails 212 and arms 214, and defines a recess or
opening 215 or opening. The guide rails 212 guide the clip 200 through a linear motion
as the clip 200 is received by the pump 250. The opening 215 admits a tool or a finger of
the clinician to facilitate disengagement of the clip 200 from its locked position relative
to the cuff 120. The arms 214 are curved and resilient, and define an opening 220. As
the clip 200 moves relative to the pump 250, the pump 250 forces the arms 214 laterally

outward, expanding the opening 220 and allowing the arms 214 to extend about the
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linking member 124 of the cuff 120. In the locked position of the clip 200, the pump 250
forces the arms 214 laterally inward to engage the linking member 124 and to secure the
cuff 120 to the pump 250.

The arms 214 include teeth 216 that extend from inner walls 217 of the arms 214
toward the opening 220. In the locked position of the clip 200, the teeth 216 are disposed
over the flanged portions 146 of the attachment member 126, thus capturing the flanged
portions 146 between the teeth 216 and the circumferential flange 162 of the cannula 150.
Between the teeth 216 are gaps 218 that permit the arms 214 to flex laterally as the clip
200 is received by the pump 250. When the clip 200 is in a locked position about the cuff
120, the teeth 216 engage the linking member 124 of the cuff 120 to impede rotation of
the cuff 120 relative to the clip 200 and the pump 250.

Each arm 214 includes a post 219 extending from the bottom side 204 that is
received in one of the channels 254 (Fig. 14A) defined by the pump 250. As the pump
250 receives the clip 200, the posts 219 travel through the channels 254, directing the
lateral flexion of the arms 214. The posts 219 each include angled walls 221, 222 (Fig.
13C) that engage angled walls 257, 258 (Fig. 16) of the pump 250 that define the
channels 254, capturing the posts 219 in the channels 254.

Referring to Fig 14A, the pump 250 is coupled to the cannula 150 and receives a
clip 200. The pump 250 defines generally parallel slots 252 that receive the guide rails
212 of the clip 200. The pump 250, in a top side 256, also defines the channels 254 that
receive the posts 219 between the angled walls 257, 258 (Fig. 16). The angled walls 257,
258 capture the posts 219, impeding the posts 219 from leaving the channels 254 and
maintaining the arms 214 in a plane above the top side 256. The portion of the pump 250
that defines the channels 254 can be an integral component of, for example, a motor
housing of the pump, or can be a separate component that attaches to the pump 250, for
example, with welds, screws, or other fastening mechanisms.

The pump 250 defines an entry recess 255 at each channel 254 that admits the
post 219. The distance between the entry recesses 255 is larger than the distance between
the posts 219 when the arms 214 of the clip 200 are not flexed.

To insert the posts 219 into the channels 254, the clinician flexes the arms 214

outward, loading the resilient arms 214 and permitting the posts 219 to enter the channels
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254 at the entry recesses 255. After the posts 219 are positioned in the entry recesses
255, the arms 214 flex inward to their natural resting condition, moving the posts 219 in
the channels 254 away from the entry recesses 255. Because the posts 219 are captured
in the channels 254, the clip 200 will not separate from the pump 250 until the clinician
flexes the arms 214 outward and upward, permitting the posts 219 to leave the channels
254 at the entry recesses 255. The pump 250 can be provided with the clip 200 already
positioned in the channels 254, and thus already captured by the pump 250, to streamline
the implantation procedure.

A first portion 260 of the channels 254 curves outward about the cannula 150 to
spread the arms 214, permitting the arms 214 to extend about the cannula 150 and the
linking member 124 of the cuff 120. A second portion 262 of the channels 254 curves
inward toward the cannula 150, moving the arms 214 inward about the cannula 150.

Referring to Fig. 14B, the guide rails 212 of the clip 200 enter the slots 252, and
the posts 219 are captured in the channels 254. The clip 200 travels in a generally linear
direction relative to the pump 250, in the direction of arrow I;, until the clip 200 reaches
the position of Fig. 14C. As the clip 200 is advanced into the pump 250, the force in the
direction of arrow I; causes the posts 219 to deflect outward in the channels 254. Once
the posts 219 have reached the peak distance between the channels 254, the insertion
force required in the direction of arrow I; lessens as the inward deflection force of the
arms 214 drive the clip 200 through the second portion 262 of the channels 254. The clip
200 travels linearly as the posts 219 travel through the channels 254, until the position of
Fig. 14C is reached in which the arms 214 are in their relaxed position.

To move the clip 200 back to the unlocked position, the clip 200 is retracted in a
direction opposite the arrow Iy, and the posts 219 travel in the opposite direction through
the channels 254. During removal of the clip 200, the second portion 262 expands the
arms 214 and the first portion 260 permits the arms 214 to become closer together. The
angle of the first portion 260 is less steep than the angle of the second portion 262, which
results in the force to remove the clip 200 being higher than the force to move the clip
200 into the locking position.

Referring to Fig. 15A, a clinician moves the pump 250 and the cannula 150

relative to the cuff 120, in the direction of arrow B, so that the proximal portion 152
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enters the opening 130 of the cuff 120. As the cannula 150 advances, the first
circumferential taper 156 deflects the extensions 136 away from the cannula 150. The
first circumferential taper 156 and the second circumferential taper 158 advance past the
tapered portions 138 of the extensions 136. As the first circumferential taper 156
advances past the tapered portions 138, the deflected extensions 136 straighten, forcing
the tapered portions 138 into the circumferential groove 160. The clinician experiences
tactile feedback, such as a snap-like sensation, that indicates that the cannula 150 is
coupled to the cuff 120. The bottom surface 125 of the linking member 124 engages the
circumferential flange 162 of the cannula 150. In some implementations, the bottom
surface 125 engages a surface of the pump 250 as an alternative to, or in addition to,
engaging a portion of the cannula 150.

Referring to Fig. 15B, the clinician advances the clip 200 into the pump 250. The
guide rails 212 of the clip 200 travel in the slots 252, guiding the clip 200 as it travels
linearly in a plane above the top side 256, in the direction of arrow I, As the clip 200
travels relative to the pump 250, the arms 214 flex laterally due to engagement of the
posts 219 with the angled walls 257, 258 defining the channels 254. The arms 214 move
laterally outward to admit the linking member 124 and then laterally inward to engage the
linking member 124.

Referring to Fig. 15C, the clip 200, in its locked position, limits travel of the cuff
120 relative to the cannula 150. The engagement of the posts 219 with the angled walls
257, 258 that define the channels 254 forces the arms 214 inward such that the teeth 216
of the arms 214 are disposed over the flanged portions 146 of the attachment member
126. The flanged portions 146 are captured between the teeth 216 and the circumferential
flange 162. The engagement of the teeth 216 to the linking member 124 presses the
bottom surface 125 against the circumferential flange 162, forming a seal (Fig. 16).

In an implanted state, after the clip 200 is in its locked position, the pump 250 and
the cannula 150 are in a position suitable for long-term stability relative to the cuff 120
and the heart. While the clip 200 is in its locked position, an extremely large force is
required to remove the cuff 120 from the cannula 150. For example, the force required to
forcibly separate the pump 250 or cannula 150 from the cuff 120 while the clip 200 is in

its locked position can be as large as the force required to tear the cuff 120 from the heart.
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The distance that the cannula 150 extends into a heart can be selected in a similar
manner as described above. For example, a cannula 150 with a proximal portion 152
having a particular length can be selected, one or more spacers can be placed between the
fastening member 122 and a heart, or the thickness of the fastening member 122 can be
selected for a particular patient.

Referring to Figs. 17A and 17B, an alternate implementation includes a cuff 320
and a cannula 350 configured to cooperate with the pump 250 and the clip 200. The cuff
320 defines an opening 330 that admits a proximal portion 352 of the cannula 350. A
coupling mechanism in the form of an attachment member 326 engages a sealing ring
502 (Fig. 19A), such as an o-ring, disposed about the cannula 350 to couple the cuff 320
to the cannula 350. The clip 200 (Fig. 13A) acts as a locking mechanism to impede the
cuff 320 from becoming uncoupled from the cannula 350.

The cuff 320 includes an annular fastening member 322 that a clinician can fasten
to heart tissue. For example, the fastening member 322 can be formed of a fabric such as
PTFE felt. The cuff 320 includes a linking member 324 coupled to the fastening member
322, for example, by sutures or direct molding. The linking member 324 is formed of,
for example, an elastomer such as silicone. The linking member 324 includes a
reinforcement member 325 (Fig. 18B), such as a mesh ring. The linking member 324
couples the attachment member 326 to the fastening member 322, as described below.

The linking member 324 includes a bottom surface 328 that engages a
circumferential flange 362 of the cannula 350. The primary sealing mechanism between
the cuff 320 and the cannula 350 is the sealing ring 502, and as a result, the linking
member 324 and the circumferential flange 362 are not required to form a seal.
Nevertheless, in some implementations, the linking member 324 may form a secondary
seal with the circumferential flange 362. In some implementations, the bottom surface
328 engages a surface of the pump 250 as an alternative to, or in addition to, engaging a
portion of the cannula 350.

The cannula 350 includes the proximal portion 352, the circumferential flange
362, and a distal portion 354 housed within the pump 250. The cannula 350 includes a
circumferential taper 356 that engages a circumferential taper 405 of the attachment

member 326, guiding the cuff 320 into alignment with the cannula 350. The cannula 350
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defines a circumferential groove 360 between a first circumferential ridge 358 and a
second circumferential ridge 359. The circumferential groove 360 receives the sealing
ring 502.

Referring to Figs. 18A and 18B, the attachment member 326 is formed of, for
example, a rigid material such as metal or PEEK. The attachment member 326 includes a
cylindrical portion 402, which defines an inner circumferential groove 404 that admits a
portion of the sealing ring 502. The sealing ring 502 is formed of, for example, an
elastomer such as silicone or implantable-grade ethylene propylene diene monomer
(EPDM). In some implementations, the attachment member 326 does not define an inner
circumferential groove 404 and instead has a substantially cylindrical inner surface.

The attachment member 326 includes a flanged portion 406, for example, a
circumferential flange that extends in a plane generally perpendicular to an outer wall
403 of the cylindrical portion 402. The attachment member 326 includes the inner
circumferential taper 405 that engages the sealing ring 502, compressing the sealing ring
502 and permitting the sealing ring 502 to enter the inner circumferential groove 404,

The linking member 324 is molded over the attachment member 326, and the
flanged portion 406 and the cylindrical portion 402 define holes 407 that admit material
of the linking member 324. The material of the linking member 324 that extends through
the holes 407 forms mechanical locks that couple the linking member 324 to the
attachment member 326. The linking member 324 is molded over an inner
circumferential wall 408 and an outer circumferential surface 410 of the cylindrical
portion 402, as well as a top surface 412, a bottom surface 414, and a circumferential side
surface 416 of the flanged portion 406.

Referring to Figs. 19A and 19B, the sealing ring 502 is disposed in the
circumferential groove 360. To couple the cannula 350 to the cuff 320, the clinician
moves the proximal portion 352 through the opening 330 of the cuff 320. The sealing
ring 502 engages the circumferential taper 405 of the attachment member 326,
compressing the sealing ring 502 into the circumferential groove 360.

As the cannula 350 advances through the opening 330, the sealing ring 502
advances past the circumferential taper 405 to the position of Fig. 19B. The sealing ring

502 expands into the circumferential groove 404 of the attachment member 326 and the
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bottom surface 328 of the linking member 324 engages the circumferential flange 362.
The sealing ring 502 is partially disposed in the circumferential groove 404 and partially
disposed in the circumferential groove 360 of the cannula 350. The engagement of the
sealing ring 502 between the cuff 320 and the cannula 350 limits travel of the cannula
350 relative to the cuff 320, coupling the cannula 350 to the cuff 320. The expansion of
the sealing ring 502 into the circumferential groove 404 provides snap-like tactile
feedback to the clinician, indicating that the cannula 350 is coupled to the cuff 320. The
sealing ring 502 also creates a hemostatic seal between the cannula 350 and the cuff 320.

From the position of Fig. 19B, the clinician can move the clip 200 into a locked
position about the cuff 320 as described above with reference to Figs. 14A to 14C. With
the clip 200 in its locked position (Fig. 20), the flanged portion 406 is captured between
the clip 200 and the circumferential flange 362, impeding the cuff 320 from becoming
separated from the cannula 350.

The distance that the cannula 350 extends into a heart can be selected in a similar
manner as described above. For example, a cannula 350 with a proximal portion 352
having a particular length can be selected, one or more spacers can be placed between the
fastening member 322 and a heart, or the thickness of the fastening member 322 can be
selected for a particular patient.

Referring to Fig. 21, an alternate implementation includes a cuff 620 that couples
to a cannula 650 of a pump 750. The cuff 620 defines an opening 630 that admits a
proximal portion 652 of the cannula 650. A coupling mechanism in the form of an
attachment member 626 engages a sealing ring 802 (Fig. 23B), for example, an o-ring
disposed about the cannula 650, to couple the cuff 620 to the cannula 650. A clip 700
(Fig. 25A) acts as a locking mechanism to impede the cuff 620 from becoming uncoupled
from the cannula 650.

Like the implementations described above, the cuff 620 can be coupled to the
pump 750 with a low profile, for example, in a distance from a heart that is
approximately the height of the cuff 620 along the cannula 650. The cuff 620 is coupled
to the pump 750 by moving the cannula 650 axially through the cuff 620. The locking
mechanism, for example, the clip 700, can then be engaged to secure the position of the

cuff 620 about the cannula 650. Similar to the cam 28 and the clip 200, the clip 700
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moves into a locked position by moving in a plane perpendicular to a cannula, which
facilitates attachment of the cuff 620 to the pump 750 in the low profile.

Referring to Figs. 22A and 22B, the cuff 620 includes an annular fastening
member 622 that a clinician can fasten to heart tissue. For example, the fastening
member 622 can be formed of a fabric such as PTFE felt. The cuff 620 includes a linking
member 624 coupled to the fastening member 622, for example, by sutures or direct
molding. The linking member 624 is formed of, for example, an elastomer such as
silicone. The linking member 624 includes a reinforcement member 625 (Fig. 22D), such
as a mesh ring. The linking member 624 couples the attachment member 626 to the
fastening member 622, as described below.

The linking member 624 includes a bottom surface 628 that engages a
circumferential flange 662 (Fig. 23B) of the cannula 650. The primary sealing
mechanism between the cuff 620 and the cannula 650 is the sealing ring 802, and as a
result, the linking member 624 need not form a seal about the cannula 650. Nevertheless,
in some implementations, the linking member 624 may form a secondary seal through
engagement with the circumferential flange 662. In some implementations, the bottom
surface 628 engages a surface of the pump 750 as an alternative to, or in addition to,
engaging a portion of the cannula 650.

The linking member 624 defines a circumferential groove 632 in the outer
diameter of the cuff 620, located between the fastening member 622 and a flanged
portion 634 of the linking member 624. The circumferential groove 632 receives a
portion of the clip 700 to secure the cuff 620 to the pump 750, as described further below.
The linking member 624 includes ridges 636 in the circumferential groove 632, for
example, disposed on the flanged portion 634. The ridges 636 are spaced apart and
extend approximately halfway along the height, H,, of the circumferential groove 632.
When the clip 700 is in a locked position about the cuff 620, the clip 700 engages the
ridges 636 to limit rotation of the cuff 620 about the cannula 650.

Referring to Fig. 22C, the attachment member 626 is formed of, for example, a
rigid material such as metal or PEEK. The attachment member 626 includes a cylindrical
portion 640 that has an outer wall 644 and an inner surface 642 that engages the sealing

ring 802. The attachment member 626 includes a flanged portion 646, for example, a
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circumferential flange that extends in a plane generally perpendicular to the outer wall
644.

Referring to Fig. 22D, the linking member 624 is molded over the attachment
member 626. The flanged portion 646 and the cylindrical portion 640 define holes 647
that admit material of the linking member 624. The material of the linking member 624
that extends through the holes 647 forms mechanical locks that couple the linking
member 624 to the attachment member 626. The linking member 624 is molded over an
inner circumferential wall 648, which can have a larger inner diameter than the rest of the
cylindrical portion 640. The linking member 624 is also molded over an outer
circumferential surface 610 of the cylindrical portion 640, as well as a top surface 612, a
bottom surface 614, and a circumferential side surface 616 of the flanged portion 646.
The inner surface 642 of the attachment member 626 remains exposed.

Referring to Figs. 23A and 23B, the cannula 650 includes the proximal portion
652, the circumferential flange 662, and a distal portion 654 housed within the pump 750.
The cannula 650 includes a circumferential taper 656 that engages the attachment
member 626, guiding the cuff 620 into alignment with the cannula 650. The cannula 650
defines a circumferential groove 660 between a first circumferential ridge 658 and a
second circumferential ridge 659. The sealing ring 802 is disposed in the circumferential
groove 660 and is formed of, for example, an elastomer such as silicone or implantable-
grade EPDM.

To couple the cannula 650 to the cuff 620, the clinician moves the proximal
portion 652 through the opening 630 of the cuff 620 (Fig. 23A). As the cannula 650
advances further, the sealing ring 802 engages the inner surface 642 of the attachment
member 626, compressing the sealing ring 802 into the circumferential groove 660 (Fig.
23B). The engagement of the sealing ring 802 with the inner surface 642 and the
engagement of the bottom surface 628 with the circumferential flange 662 provide tactile
feedback to the clinician that the appropriate position has been achieved.

The engagement of the sealing ring 802 between the cuff 620 and the cannula 650
limits travel of the cannula 650 relative to the cuff 620, coupling the cannula 650 to the
cuff 620. The compression of the sealing ring 802 between the cuff 620 and the cannula

650 also creates a hemostatic seal between the cannula 650 and the cuff 620. From the
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position shown in Fig. 23B, the clinician can move the clip 700 into a locked position
about the cuff 620 to secure the cuff 620 about the cannula 650, as described further
below.

Referring to Fig. 24A, the sealing ring 802 has a cross-section 810 that is
substantially trapezoidal. The force required to insert the cannula 650 into the cuff 620
using the sealing ring 802 is typically smaller than the force required to insert the cannula
650 using a sealing ring that has a round cross-section and a similar cross-sectional
width. In some instances, a lower insertion force is desirable to facilitate installation of
the cannula 650 relative to the implanted cuff 620.

The cross-section 810 has an inner side 811, and outer side 812, a top side 813,
and a bottom side 814. Adjacent sides 811, 812, 813, 814 are connected by rounded
corners 815. The inner side 811 faces toward the cannula 650 and is substantially flat.
As a result, the inner surface of the sealing ring 810 is substantially cylindrical. The top
side 813 faces away from the pump 750, and the bottom side 814 faces toward the pump
750. The top side 813 and the bottom side 814 are substantially parallel to each other, for
example, both sides 813, 814 are substantially perpendicular to the inner side 811.

The top side 813 and the bottom side 814 have different lengths. The length, L,
of the top side 813 can be, for example, between one-fourth and three-fourths of the
length, L,, of the bottom side 814. For example, the length, L;, of the top side 813 can be
approximately half or approximately two-thirds of the length, L,, of the bottom side 814,
The outer side 812 is angled, for example, forming substantially straight angled edge.

Referring to Fig. 24B an alternative sealing ring has a cross-section 860. The
cross-section 860 includes an upper portion 862 and a lower portion 864, connected by a
narrow neck 866. The sealing ring 850 thus includes two stacked discs, connected by an
annular band. The cross-section 860 includes outer sides 870 engage the inner surface
642 of the cuff 620, and inner sides 872 that engage the cannula 650 in the
circumferential groove 660.

Referring to Figs. 25A and 25B, the clip 700 cooperates with features of the pump
750, described below, to limit movement of the cuff 620 (not shown) relative to the
cannula 650. The clip 700 has an unlocked position, in which the cuff 620 can be
coupled about the cannula 650. The clip 700 also has a locked position, in which the clip
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700 secures the cuff 620 relative to the cannula 650. A component, such as a motor
housing 753 or an element attached to the motor housing 753, provides an upper surface
752 that defines channels 754. The clip 700 includes arms 714 that extend into the
channels 754 and travel along the channels 754 as the clip 700 moves into its locked
position.,

The pump 750 captures the clip 700 between the upper surface 752 and a cover
770. The cover 770 is attached over the upper surface 752 by, for example, screws 772
or welds. The upper surface 752 and the cover 770 define a slot 740 for the clip 700 to
travel within. The slot 740 permits the clip 700 to travel in a plane, for example, to travel
in a linear direction, A, in a plane perpendicular to a longitudinal axis, Y, of the cannula
650.

Referring to Figs. 26A-26C, the clip 700 includes a top side 702 that faces the
cover 770, a bottom side 704 that faces the upper surface 752, and opposite lateral sides
706, 708. The clip 700 can be formed of, for example, metal, such as titanium, or a rigid
plastic, such as PEEK. The clip 700 includes guide rails 712 and defines a recess or
opening 715. The guide rails 712 stabilize the clip 700 laterally and guide the clip 700
through a linear motion in the slot 740. The opening 715 admits a tool or a finger of the
clinician to facilitate retraction of the clip 700.

The arms 714 of the clip 700 are curved and define an opening 720. The arms
714 are resilient and can deflect laterally to capture the cuff 620. Each arm 714 includes
a post 719 that extends from the bottom side 704 of the clip 700. Each post 719 is
received in one of the channels 754 (Fig. 25B) defined in the upper surface 752. The
posts 719 are substantially cylindrical and extend perpendicular to, for example, a plane
defined along the top side 702 of the clip 700. When the clip 700 is located in the slot
740, the posts 719 extend substantially parallel to the longitudinal axis, Y, of the cannula
650. As the clip 700 moves relative to the pump 750, the posts 719 travel through the
channels 754.

In the locked position of the clip 700, the arms 714 extend about the cuff 620 and
extend into the circumferential groove 632. The arms 714 have a substantially smooth
inner surface 722 that engages the linking member 624 in the circumferential groove 632.

The arms 714 also include teeth 716 (Fig. 26B) that fit between the ridges 636 to limit
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rotation of the cuff 620 relative to the clip 700. The teeth 716 can be disposed on the
arms 714 and on a central extension 724 of the clip 700. Three teeth 716 are shown,
positioned to press radially inward on the cuff 620 when the clip 700 is in its locked
position. More teeth or fewer than three teeth can be used to promote rotational stability
of the cuff 620.

The teeth 716 have an angled or chamfered edge 726 (Fig. 26D), permitting the
teeth 716 to engage the cuff 620 when the cuff 620 is not fully seated against the
circumferential flange 662. As the clip 700 moves into its locked position, the teeth 716
move radially inward toward the circumferential groove 632. The chamfered edge 726
engages the flanged portion 634 of the cuff 620, forcing the cuff 620 toward the upper
surface 752 into a fully seated position against the circumferential groove 662.

The clip 700 includes substantially flat end portions 730 that are captured between
the upper surface 752 and the cover 770. The cover 770 impedes the end portions 730
from moving away from the surface 752, and thus holds the posts 719 in the channels
754. Engagement of the end portions 730 between the upper surface 752 and the cover
770 also limits twisting along the arms 714 in response to axial loads exerted along the
arms 714. The end portions 730, the teeth 716, and stabilizing posts 732 on the arms 714
can each have a height, Hy, along the longitudinal axis, Y, that is substantially the same as
a corresponding height of the slot 740, thereby limiting travel of the clip 700 along the
longitudinal axis and limiting tilting of the clip 700 within the slot 740.

The clip 700 includes a latch 733 that engages the cover 770 to limit retraction of
the clip 700 from the locked position. The latch 733 includes a deflection beam 737 and
an extension 738 located on a free end 739 of the deflection beam 737. The extension
738 extends from the top side 702 of the clip 700. The deflection beam 737 provides a
resilient force that holds the extension 738 in a mating receptacle of, for example, the
cover 770, unless overcome by a sufficient force.

The clip 700 includes ramp features 735 that extend from the bottom side 704.
The ramp features 735 wedge the clip 700 between the cover 770 and the upper surface
752, stabilizing the clip 700 along the longitudinal axis, Y, of the cannula 650 when the
clip 700 is in the locked position. By forcing the top side 702 toward the cover 770, the

ramp features 735 also force engagement of the latch 733 to the mating receptacle.
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The clip 700 includes visual indicators 736 on the bottom side 704 that indicate
when the clip 700 is out of the locked position. The visual indicators 736 are, for
example, recesses containing a colored material that is easily noticeable by a clinician.
The visual indicators 736 are exposed, and thus visible from the bottom of the pump 750,
when the clip 700 is not in the locked position. The visual indicators 736 are obscured
when the clip 700 is in the locked position.

Referring to Fig. 27, the channels 754 in the surface 752 direct travel of the arms
714 as the clip 700 moves in the slot 740. As the clip 700 moves between an unlocked
position to the locked position, the posts 719 move through the channels 754. The
channels 754 have a width, W, that is larger than a diameter of the posts 719, which
permits different lateral positions of the posts 719 in the channels 754. As described
further below, the width, W, permits the posts 719 travel along different paths in the
channels 754, rather than being constrained to travel along a single path.

The channels 754 are defined by inner walls 760 and outer walls 762. A lateral
distance, D, between the inner walls 760 is greater than a distance between the posts 719
when the arms 714 are not flexed. As a result, positioning the posts 719 in the channels
754 flexes the arms 714 away from each other, causing the arms 714 to exert a resilient
inward force against the inner walls 760. As the clip 700 travels in the slot 740, the posts
719 slide along the inner walls 760 unless displaced by, for example, the cuff 620.

The channels 754 define features that receive the posts 719. Each channel 754
defines, for example, a first end 764, a second end 765, and a detent 766, each of which
can receive one of the posts 719. The posts 719 reside in the first ends 764 in an
unlocked position of the clip 700, for example, when the clip 700 is fully retracted. At
the first ends 764, the posts 719 engage the walls to impede the clip 700 from separating
from the pump 750 by slidin\g out of the slot 740 along arrow A. The posts 719 reside in
the second ends 765 when the clip 700 is in the locked position. The posts 719 reside in
the detents 766 when the clip 700 is in a restrained position, for example, in which
engagement of the posts 719 in the detents 766 impedes the clip 700 from travelling
further toward the locked position. The unlocked position, the locked position, and the

restrained position are stable positions of the clip 700 within the slot 740.
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Referring to Fig. 28A, the clip 700 is retracted in the direction of arrow By, and
each post 719 travels along a path 767 between the second end 765 and the first end 764.
Various positions of the posts 719 are shown, but other features of the clip 700 are not
shown. The pump 750 can be provided to a clinician with the clip 700 in the locked
position, with the posts 719 residing in the second ends 765. In some implementations,
the arms 714 are in a relaxed state in the locked position. The clinician retracts the clip
700 to permit the cannula 650 to be coupled to the cuff 620.

Referring to Fig. 28B, when the cuff 620 is not coupled about the cannula 650,
advancing the clip 700 from the unlocked position toward the locked position places the
clip 700 in the restrained position. As the clip 700 advances in the direction of arrow B,
the arms 714 exert a lateral force inward toward the cannula 650, causing the posts 719 to
travel in a path 768 along the inner walls 760. The posts 719 enter the detents 766 to
impede the clip 700 from entering the locked position.

The clip 700 enters the restrained position when the cuff 620 is not properly
coupled to the cannula 650, for example, when the cuff 620 is not located about the
cannula 650 or the cuff 620 is improperly placed about the cannula 650. The placement
of the clip 700 in the restrained discourages premature locking of the clip 700 and
indicates to the clinician that the cuff 620 is not properly placed about the cannula 650.
Patient safety is enhanced because the clip 700 does not enter the locked position if doing
so would not actually secure the cuff 620 to the pump 750.

In some implementations, the clip 700 can enter the restrained position when only
one of the posts 719 engages one of the detents 766. Either post 719 can independently
impede the clip 700 from entering the locked position. In some instances, the cuff 620
may be seated only partially against the circumferential flange 662. For example, the
cuff 620 may be placed in a tilted orientation such that the cuff 620 is not aligned in a
plane perpendicular to the cannula 650. With the cuff 620 partially seated, one of the
posts 719 may avoid the detent 766. Engagement of the other post 719 with its
corresponding detent 766, however, will place the clip 700 in the restrained position
rather than permitting the clip 700 to enter the locked position.

Referring to Fig. 28C, when the cuff 620 is properly coupled to the cannula 650,

advancing the clip 700 in the direction of arrow B, moves the clip 700 into the locked
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position about the cuff 620. For clarity in illustration, the fastening member 622 and
portions of the linking member 624 are not shown.

When the cuff 620 is coupled to the cannula 650, the flanged portions 634, 646 of
the cuff 620 cover the detents 766. The cuff 620 blocks the posts 719 from entering the
detents 766 and permits the posts 719 to enter the second ends 765. Between the
unlocked position and the locked position, the posts 719 move along a path 769. The
posts 719 slide along the outer circumference of the flanged portion 646, engaged to the
cuff 620 by the resilient force of the arms 714, until the posts 719 reach the second ends
765. In the locked position, the arms 714 (not shown) extend into the circumferential
groove 632, capturing the flanged portions 634, 646 between the arms 714 and the
circumferential flange 662 of the cannula 650. The teeth 716 extend radially inward into

the circumferential groove 632, becoming enmeshed between the ridges 636 to limit

' rotation of the cuff 620 relative to the cannula 650.

Referring to Figs. 29A and 29B, when a clinician installs the pump 750, the visual
indicators 736 on the clip 700 are exposed to the clinician’s view. The visual indicators
736 indicate that the clip 700 is not securing the cuff 620, and thus that installation is
incomplete. The visual indicators 736 are exposed in the unlocked position (Fig. 29A)
and in the restrained position (Fig. 29B).

Referring to Fig. 29C, when the clip 700 enters the locked position, the pump 750
obscures the visual indicators 736, indicating to the clinician that the clip 700 has been
properly locked about the cuff 620.

Referring to Figs. 30A-30C, the cover 770 defines a mating receptacle 774, for
example, a recess or an opening, that cooperates with the latch 733. The latch 733 does
not secure the position of the clip 700 in the unlocked position (Fig. 30A) or the
restrained position (Fig. 30B). In the locked position (Fig. 30C), the extension 738
extends into the mating receptacle 774 to impede retraction of the clip 700 in the
direction of the arrow R.

Referring to Fig. 31, the extension 738 includes an angled leading edge 742 and
an angled trailing edge 744 that engage the cover 770. The leading edge 742 engages an
outer edge 746 of the cover 770 as the clip 700 travels into the locked position. The
engagement of the leading edge 742 with the outer edge 746 deflects the deflection beam
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737, permitting the extension 738 to slide under the outer edge 746 and into the mating
receptacle 774. The trailing edge 744 engages an inner surface 748 of the mating
receptacle 774 to limit removal of the clip 700.

The trailing edge 742 has a steeper slope than the leading edge 742. For example,
the trailing edge 742 can have a slope of between approximately 70 degrees and
approximately 85 degrees, and the leading edge can have a slope of between
approximately 10 degrees to approximately 60 degrees. As a result, the amount of force
required to dislodge the extension 738 from the mating receptacle 774 is greater than the
force required to insert the extension into the mating receptacle 774. When removal of
the clip 700 is desired, a clinician can engage a tool with the deflection beam 737 to
move the extension 738 out of the mating receptacle 774, which permits the clip 700 to
be retracted.

In some implementations, a plug can be fabricated for a cuff 20, 120, 320, 620. A
plug can be placed in the opening 30, 130, 330, 630 of an implanted cuff 20, 120, 320,
620 after a pump 12, 250, 750 has been explanted. The plug can fill the opening 30, 130,
330, 630 to prevent blood from escaping through the cuff 20, 120, 320, 620 after the
pump 12, 250, 750 is removed. Plugs can include features similar to those described for
the cannulas 50, 150, 350, 650. As a result, a plug can be coupled to a corresponding cuff
20, 120, 320, 620 using one or more of the same mechanisms that couple a cuff 20, 120,
320, 620 to a cannula 50, 150, 350, 650. A plug can be further secured to a heart or to a
cuff 20, 120, 320, 620 by sutures. A plug may further be configured to fill the opening
through any of the further cuffs described below.

Referring to Figs. 32 and 33, a ventricular assist system 910 for treating, for
example, a patient with a weakened left ventricle, includes a blood pump 912 that
receives blood from a patient’s heart 914. The pump 912 is coupled to a cuff 920, which
in turn is attached to the heart 914. The cuff 920 is attached to the heart 914 by, for
example, sutures that attach a portion of the cuff 920 to the apex of the left ventricle of
the heart 914. The pump 912 receives blood from the heart through an inflow cannula
950 (Fig. 33) of the pump 912 disposed through an opening 922 (Fig. 33) in the cuff 920.

The ventricular assist system 910 may be implanted in the thoracic cavity of a

patient. After implantation, the cuff 920 limits the risk of inflow cannula malposition due

42



10

15

20

25

30

WO 2014/036060 PCT/US2013/056952

to potential post-operative pump migration. Inflow cannula malposition is an adverse
clinical event that may reduce pump performance and endanger the patient. The cuff 920
helps maintain a space around the inflow cannula 950 so that the inflow cannula 950 does
not become partially or completely occluded by surfaces of the heart (e.g., by the septal
wall of the heart). For example, the cuff 920 is sufficiently stiff to promote flattening of
the myocardium when the sewing ring is attached to the heart 914. In other words, after
installation of the cuff 920, the rigidity or resilience of the cuff 920 reshapes the
myocardium in a manner that the geometry of the myocardium in the region of the cuff
920 is flatter than the natural or previous geometry of the myocardium. The cuff 920 can
exert a resilient force that resists bending of the cuff 920 and flattens an area of the
myocardium in contact with the cuff 920.

The cuff 920 also aids installation of the pump 912. Exemplary cuff 920 is
relatively rigid and has a higher bending resistance to bending than conventional
ventricular cuffs. The relatively increased stiffness of the cuff 920 permits a clinician to
hold the cuff 920 (e.g., at outer edges of the cuff 920) and apply counter-pressure with the
cuff 920 against the inflow cannula 950 during installation of the pump 912.

The pump 912 includes anchors 960, such as eyelets or other openings defined in
the housing 964, where sutures 962 or other fasteners can attach to the pump 912. The
sutures 962 secure the pump 912 to, for example, the cuff 920, the myocardium of the
heart 914, ribs of the patient, or other structures. The sutures 962 limit rotation of the
pump 912 relative to the heart 914 and other movement of the pump 912 relative to the
heart 914. Securing the pump 912 using the anchors 960 and flattening the myocardium
in the region of the pump 912 help limit the risk of inflow cannula malposition, as
discussed further below.

Referring to Figs. 34A and 34B, the cuff 920 includes an attachment component
such as a ring 1010 that engages the inflow cannula 950 and/or other portions of the
pump 912 to secure the cuff 920 and pump 912 together. In the example illustrated, the
ring 1010 is formed by a patterned metal component (e.g. titanium) covered with, for
example, silicone. The ring 1010 may include, for example, an attachment member
(having one or more features of any of the attachment members 26, 126, 326, 626), and a

linking member (having one or more features of any of the linking members 24, 124, 324,
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624). The cuff 920 is secured to the pump 912 using the techniques described above. For
example, the cuff 920 may be coupled to and locked to the pump 912 in the same manner
that any of the cuffs 20, 120, 320, 620 are locked and coupled to the pumps 12, 250, 750.
A clinician may lock the cuff 920 to the pump 912 using any of the locking mechanisms
described above, such as using the clips 200, 700.

The cuff 920 includes two disc-shaped layers 1020, 1022, and together, the layers
1020, 1022 form a sewing ring 1025. To install the cuff 920, a clinician places sutures,
staples, or other fasteners through the sewing ring 1025 and the heart 914. In some
implementations, only one disc or more than two discs are included in the sewing ring
1025.

The layers 1020, 1022 are formed of, for example, a felt, a mesh, a woven
material, or another fabric. The layers 1020, 1022 are formed of polytetrafluoroethylene
(PTFE), polyethylene terephthalate (PET) (e.g., Dacron), polyester, or another material.
In some implementations, the layers 1020, 1022 are each formed of PTFE felt. In some
implementations, the layers 1020, 1022 are each formed of a woven polyester.

The layers 1020, 1022 are joined together by sutures, for example, sutures at the
inner diameter and outer diameter of the layers 1020, 1022. In some implementations,
the layers 1020, 1022 are additionally or alternatively joined by an adhesive, such as a
silicone adhesive, or another fastener.

| The layers 1020, 1022 have a stiffness that tends to flatten the myocardium of the
heart 914 when the cuff 920 is installed. This flattening reduces the probability of inflow
cannula malposition. As an additional advantage, in some implementations, the stiffness
of the layers 1020, 1022 (and of the sewing ring 1025 as a whole) makes the cuff 920
easier for the clinician to hold. The relative stiffness of the cuff 920 may aid a clinician
in pressing the cuff 920 against the pump 912 when attaching the pump 912 and the cuff
920. For example, the clinician may more easily apply a counterforce against the pump
912 when the inflow cannula 950 is inserted into the cuff 920, permitting the cuff 920 to
be more easily seated against the pump 912.

In some implementations, the sewing ring 1025 has a flexural modulus of greater
than 50 psi (pound-force per square inch). In some implementations, the flexural

modulus of the sewing ring 1025 is at least 60 psi, at least 75 psi, at least 90 psi, at least
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100 psi, at least 125 psi, or at least 150 psi. The sewing ring 1025 may have a flexural
modulus in one of these ranges along a portion of, a majority of, or substantially all of the
sewing ring 1025. In some implementations, the sewing ring 1025 has a flexural
modulus in one of the ranges indicated above across the entire diameter of the sewing
ring. In some implementations, the flexural modulus of the sewing ring 1025 is, for
example, less than 1500 psi, less than 1000 psi, or less than 750 psi. A flexural modulus
under one of these ranges can facilitate insertion of a needle through the sewing ring
1025 without requiring an excessive amount of insertion force.

The fabric of the layers 1020, 1022 can provide the rigidity that causes the sewing
ring 1025 to have a flexural modulus in these ranges, without any additional component
formed of, for example, metal or polymer. Because the sewing ring 1025 is fabric, in
some implementations, a clinician is able to insert a needle through any exposed portion
the sewing ring 1025 without the needle being impeded by structures of the sewing ring
1025. In some implementations, another component in the sewing ring 1025, such as the
insert 1030 described below, can contribute to the rigidity of the sewing ring 1025, so that
the sewing ring 1025 as a whole has a flexural modulus in one of the ranges indicated
above.

In some implementations, one or more of the layers 1020, 1022 individually has a
flexural modulus of greater than 50 psi, for example, a flexural modulus at least 60 psi, at
least 75 psi, at least 90 psi, at least 100 psi, at least 125 psi, or at least 150 psi. In
addition, the flexural modulus of each of the layers 1020, 1022 can be, for example, less
than 1500 psi, less than 1000 psi, or less than 750 psi. In some implementations, the
sewing ring 1025 includes only a single layer of fabric or other material that provides a
flexural modulus in the ranges indicated above.

Referring to Fig. 33, to install the pump 912, the cuff 920 may be installed at the
heart 914. A clinician or a tool holds the cuff 920 by the ring 1010 and/or the sewing
ring 1025 as the pump 912 is subsequently positioned relative to the cuff 920. For
example, a tool or the clinician’s fingers may grasp the cuff 920 by pressing against the
outer edges of the sewing ring 1025. The clinician moves the pump 912 toward the cuff
920 in the direction of arrow A. As the pump 912 moves relative to the cuff 920, a

coupling mechanism attaches the cuff 920 to the pump 912. For example, features of the
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ring 1010 engage features of the inflow cannula 950. The cuff 920 may be required to
provide a particular amount of counterforce for the pump 912 to become coupled to the
cuff 920. The cuff 920, held by the clinician’s fingers or a tool, provides counterforce in
the direction of arrow B, to permitting the coupling mechanism to engage. The sewing
ring 1025 may be sufficiently rigid that, while the cuff 920 is held through inward force
from the outer edges of the sewing ring 1025, the sewing ring 1025 does not buckle or
deform, and the cuff 920 exerts a sufficient amount of force against the pump 912 that a
coupling mechanism the pump 912 and the cuff 920.

Referring again to Figs. 34A and 34B, in some implementations, the layers 1020,
1022 each have a thickness of between approximately 1.3 mm and 2.3 mm, or
approximately 1.8 mm, and may have a maximum water permeability of between
approximately 450 ml/cm2/min and 650 ml/cm2/min, or approximately 550 ml/cm®*/min.
Accordingly the use of two such layers 1020, 1022 together in the sewing ring 1025
provides a higher stiffness than a single layer of lower density, higher porosity PTFE felt,
for example, a single layer having a thickness of approximately 2.9 mm and a maximum
water permeability of approximately 750 ml/cm*/min. A high-density, low-porosity felt
material for the layers 1020, 1022 may be obtained by compressing a lower density felt
material, (such as compressing the 2.9mm thick felt with 750 ml/cm*/min maximum
water permeability to approximately half of its initial thickness).

Referring to Figs. 34C and 34D, in some implementations, an insert 1030, such as
a lattice or web of a firm or resilient material, is included in the sewing ring 1025,
forming a sewing ring 1025a (Fig. 34D). The insert 1030 is generally planar. The insert
1030 may be positioned between the layers 1020, 1022, and may be formed of a material
stiffer than the material of the layers 1020, 1022. For example, the insert 1030 may be
formed of polyether ether ketone (PEEK), titanium, a cobalt chromium alloy, a shape-
memory polymer, or another material. The insert 1030 can be molded, machined,
printed, stamped, formed of wire, laser cut from a metal sheet, or formed in another
manner. In some implementations, the insert is formed of a super-elastic material such as
titanium alloy (e.g. nickel-titanium alloy).

In some implementations, the insert 1030 retains its shape when bent, permitting a

clinician to manually shape the sewing ring 1025a as desired for a particular implantation
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(e.g., shaping the sewing ring 1025a with one bent edge, in a conical shape, etc.). After
implantation, the sewing ring 1025a shapes the myocardium to substantially conform to
the shape of the sewing ring 1025a.

The insert 1030 defines windows or openings 1032 through the insert 1030. The
openings 1032 define areas where sutures may be placed through the insert 1030 to
achieve hemostasis. The insert 1030 may be formed as, for example, a web, lattice, or
mesh that defines the openings 1032, thereby providing regions where needles can pass
through unimpeded while providing strength and stiffness across substantially the entire
sewing ring 1025. At the openings 1032, sutures can be inserted without interference
from, for example, extensions or supports 1034 that extend radially, connecting an inner
ring 1036 and an outer ring 1038 of the insert 1030. The insert 1030 may be covered in
silicone or another material. For example, the insert 1030 may be embedded within in a
sheet of silicone, with the silicone covering the openings 1032. An opening in the center
of the insert 1030 is not covered with silicone, allowing the inflow cannula 950 to pass
through the center of the insert 1030. In some implementations, the insert 1030 includes
one or more anchors 1040 located at the outer edge of the insert 1030. The anchors 1040
are openings defined in the insert 1030 through which sutures may be placed to secure
the cuff 920 to the myocardium.

In some implementations, the insert 1030 has a flexural modulus of greater than
50 psi, for example, a flexural modulus at least 60 psi, at least 75 psi, at least 90 psi, at
least 100 psi, at least 125 psi, or at least 150 psi. In some implementations, the sewing
ring 1025a as a whole has a flexural modulus in one of these ranges.

Referring to Fig. 35, some ventricular cuffs provide a flexible interface that
allows myocardial tissue to be free from restriction after implantation. As an example, a
pump 1108 is attached to a heart 1114 using a cuff 1110. The cuff 1110 is compliant and
conforms to the shape of a heart 1114 to which the cuff 1110 is attached. The pump 1108
includes an inflow cannula 1130 that extends into a space 1120 within the heart 1114,
The space 1120 in which the inflow cannula 1130 resides is primarily defined by the
natural geometry of the heart 1114. In addition, a distance, D), between the inflow
cannula 1130 may change as the patient moves (e.g., as the pump 1108 tilts, twists, or

otherwise moves relative to the heart 1114,
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By contrast with the cuff 1110, the stiffness of the cuff 920 substantially flattens
the myocardium, which expands a space 917 around the inflow cannula 950 and helps
maintain an appropriate distance, D,, between the inflow cannula 950 and inner walls 913
of the ventricle. This, in turn, reduces the potential for inflow cannula malposition
because of the expanded space 1000 within the ventricle created near the inflow cannula
950. Malpositioning is associated with several risks including decreased pump poor
performance and adverse clinical events. If the cannula inflow gets close to or contacts
internal structures (e.g. the septum or ventricular walls), the inflow may become partially
or completely occluded. Moreover, malpositioning of the inflow near internal structures
can alter flow patterns and even form regions of stasis. Accordingly, malpositioning may
increase the risk of hemolysis and thrombosis. By making interface of the cuff 920 and
pump 912 with the heart 914 (e.g., myocardium) stiffer, the myocardium can be flattened
and clinical outcomes can be improved. In some implementations, a clinician attaches
the cuff 920 to the heart 914 using sutures 940 placed at or near the outer edge of the
sewing ring 1025, permitting the cuff 920 to substantially flatten the myocardium across
substantially the entire region of the myocardium that engages the cuff 920. As noted
above, flattening the myocardium may limit inflow cannula malposition or reduce the
risk of occlusion of the inlet tip of the inflow cannula 950 in the event of malposition.
The stiffness of the cuff 920, for example, the stiffness of the sewing ring 1025, may

cause the flattening of the myocardium.

Sutures anchored to the pump 912 can also promote flattening of the myocardium.

In some implementations, as discussed further below, sutures 941 may be placed through
the sewing ring 1025 and a portion of the pump 912, such as the anchors 960. These
sutures 941 can hold the sewing ring 1025 near or against the pump 912, further
flattening the myocardium or maintaining the shape defined by the cuff 920. In some
implementations, one or more sutures may be placed through an anchor 960 and the
myocardium, as shown in Fig. 32, in addition to or instead of through the sewing ring
1025.

As shown in Fig. 35, the sewing ring 1025, when generally perpendicular to the
inflow cannula 950, can extend along a majority of the diameter of the pump 912. For

example, the sewing ring 1025 can have an outer diameter that is at least 50%, at least
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75%, or at least 90% of the outer diameter of the pump 912. In some implementations, as
shown in Fig. 35A, the sewing ring 1025 extends along substantially all of a proximal
side of the pump 912, extending to an outer peripheral wall 982 of the pump 912.

Referring to Figs. 36A and 36B, the pump 912 can be secured relative to the heart
914 using one or more of the anchors 960. The pump 912 includes the anchors 960 at
locations on the exterior of the pump 912, for example, spaced apart around an outer
perimeter 961 of a housing 964 of the pump 912. The outer perimeter 961 is generally
circular and represents the circumference of the housing 964. The anchors 960 are
spaced apart along at least a portion of the circumference. The anchors 960 may be
disposed around more than half of the circumference of the housing 964. In the example
shown, the anchors 960 are located around the entire circumference of the pump 912
except in a region 970 where a cuff lock 972 is located. The anchors 960 are spaced apart
around the pump 912 at an angle a, which may be, for example, between 10 degrees and
50 degrees, or approximately 30 degrees. The pump 912 includes eight anchors 960, but
more or fewer anchors 960 may be included. In some implementations, at least three
anchors 960 are included.

In some implementations, the anchors 960 include suture eyelets 965 located at an
edge of the housing 964. The eyelets 965 are defined to be adjacent to the sewing ring
1025 of the cuff 920 when the pump 912 is implanted. For example, each eyelet 965 has
an exit opening adjacent the cuff 920 when the cuff 920 is engaged to the proximal side
994 of the housing 964. During implantation, a clinician may pass sutures or other
fasteners through the eyelets 965. At the site of each eyelet 965, the clinician may also
pass the sutures through the cuff 920 and/or the myocardium. Passing the sutures
through the cuff 920 and/or myocardium at locations adjacent the anchors 960 may help
maintain the cuff 920 in a substantially flat against a proximal side 994 of the pump 912,
thus flattening the cuff 920 and myocardium. For example, sutures may extend through
sewing ring 1025 at or near the outer edge of the sewing ring 1025, pulling the outer edge
of the sewing ring 1025 toward (e.g., close to or against) the pump 912.

The sutures may connect the anchors 960 to any of various structures located
within the thoracic cavity, such as the patient’s ribs, a portion of the myocardium (e.g., a

portion spaced apart from the cuff), synthetic material such as Gore-Tex, or other
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structures. The clinician may secure the other end of each suture at a distance from the
anchors 960 (e.g., approximately 0.5 cm, lem, 3cm, Scm, etc.), as selected by the
clinician.

In some implementations, the anchors 960 do not increase the outer diameter of
the pump 912. The features in which the eyelets 965 are defined occupy space in the
region where the edge 968 of the pump housing 964 has been cut, e.g., with a radius. The
housing 964 has a rounded, chamfered, or beveled edge where no anchors 960 are placed.

Referring to Figs. 37A to 37C, the eyelets 965 are defined in a motor cap 990,
which is part of the housing 964 of the pump 912. The motor cap 990 has a side surface
992 and also has a proximal side 994 oriented perpendicular to the side surface 992. The
inflow cannula 950 of the pump 912 extends from the proximal side 994, in a direction
generally perpendicular to the proximal side 994 (See Fig. 36A). The proximal side 994
faces the cuff 920 when the pump 912 is implanted.

Each eyelet 965 defines a passage that angles inward from an outer wall of the
pump 912. In some implementations, each eyelet 965 extends toward the inflow cannula
950 in the center of the proximal side 994. The passage extends between an entry
opening 996 defined in the side surface 992 and an exit opening 998 defined in the
proximal side 994. The passage defined by each eyelet 965 is oriented at an angle B (Fig.
37C) from the substantially cylindrical peripheral wall 982 (Fig. 36A) of the pump
housing 964. In some implementations, the angle p is between approximately 20 degrees
and 50 degrees, or is approximately 35 degrees. The angled trajectory of the eyelet 965
allows the clinician to place a suture through the eyelet 965 and capture the PTFE felt or
other material of the sewing ring 1025 of the cuff 920 as well as the myocardium if
desired. When the cuff 920 is positioned about the inflow cannula 950 and the sewing
ring 1025 is positioned adjacent the proximal side 994 of the housing 964, each eyelet
965 is oriented to direct a needle travelling through the eyelet 965 into the sewing ring
1025.

The eyelets 965 may accommodate a curved needle 980 and may define a curved
or linear path through the pump housing 964. The eyelets are designed to accommodate a
#1-0 suture and needle. To accommodate the diameter and typical radius of curvature for

these needles, the diameter of the eyelet 965 may be approximately 0.034 inches.
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A clinician may selectively fasten the anchors 960 to portions of a patient’s
anatomy to limit potential for subsequent malposition of the inflow cannula 950. For
example, the clinician may select the particular anchors 960 at which to attach sutures
according to the needs of the patient. The clinician may attach sutures or other fasteners
at fewer than all of the anchors 960, may attach secure different anchors 960 to different
tissues or different regions of tissue, and may connect the anchors 960 to locations at
different distances from the pump 912 and cuff 920. For example, while the pump 912
includes eight anchors 960, a clinician may select to secure the pump 912 using only
three anchors 960 that are evenly spaced apart around the pump 912, or may select to
secure the pump 912 using five of the anchors 960 that are adjacent to each other, or may
use another set of the anchors 960.

In some implementations, anchors 960 are disposed at portions of the pump
housing 964 other than the outer edge of the motor cap 990. For example, anchors 960
may additionally or alternatively be placed on the peripheral wall 982 or other surfaces of
the housing 964.

Referring to Fig. 38, an alternative cuff 1100 defines a radial opening 1102. The
cuff 1100 includes fasteners 1104 that permit a clinician to close the opening 1102 after
the cuff 1100 is placed about the inflow cannula 950 of the pump 912. The fasteners
1104 snap together to capture the inflow cannula 950 in a central opening 1110 defined in
the cuff 1100. The cuff 1100 defines, in an outer edge 1112, indentations or recesses
1114 that a tool or clinician’s finger may engage to force the fasteners 1104 against each
other.

During implantation of the pump 912, a clinician may attach a portion of the cuff
1100 to the heart 914 (e.g., attach the cuff 1100 partially around the circumference of the
cuff 1100). The clinician may then mate the pump 912 to the cuff 1100, close the cuff
1100 with the fasteners 1104, and attach the rest of the cuff 1100 to the heart to form a
hemostatic seal.

Referring to Fig. 39, a cover 1230 may be placed around the pump 912 during
implantation to facilitate later removal of the pump 912. After the pump 912 is
implanted, various tissues may adhere to the pump 912 over time. Adhered tissues may

make removal of the pump 912 from the patient’s body difficult, since the clinician may
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need to scrape off or cut off tissues adhered to various surfaces of the pump 912. To limit
tissue adhesion and tissue growth on the pump 912, a clinician may surround a portion of
or all of the housing 964 of the pump 912 with the cover 1230. As a result, the cover
1230 forms a pouch or pocket around the pump 912 and acts as a barrier to block tissue
adhesion to the pump 912. The cover 1230 remains implanted with the pump 912.
Tissues may adhere to the exterior of the cover 1230, but do not contact the surface of the
pump 912. The cover 1230, unlike the pump 912, may be easily dissected at the time the
pump 912 is removed.

If removal of the pump 912 is later desired, the cover 1230 is opened and the
pump 912 removed from the patient’s body. In some implementations, a clinician cuts
apart the cover 1230 to access the pump 912. The surgeon may then remove the pump
912, and may also remove the cover 1230,

The cover 1230 is formed of a flexible material, for example, one or more layers
of a fabric. The cover 1230 may be formed of polyester, PET, PTFE, or another
biocompatible material. In some implementations, the cover 1230 is part of a cuff 1240
that attaches to the heart 914. The cuff 1240 includes a sewing ring 1241 comprising a
fabric layer 1242 formed of, for example, PTFE felt, and a silicone layer 1244. The
cover 1230 is attached to the outer edge 1246 of the cuff 1240, for example, along some
of or all of the outer circumference of the sewing ring 1241. The cover 1230 may be
attached to the sewing ring 1241 with, for example, sutures, staples, adhesives or other
means. For example, a portion of the cover 1230 may be disposed between the fabric
layer 1242 and the silicone layer 1244, or between other layers of the sewing ring 1241.

In Fig. 39, the cover 1230 is shown closed around the pump 912. Before closing
the cover 1230, the cover 1230 has an opening 1233 that admits the pump 912 into an
interior space 1232 within the cover 1230 during implantation. Side walls 1235 of the
cover 1230, representing the cover 1230 before being closed, are illustrated in dashed
lines. The opening 1233 is located between the side walls 1235. After the pump 912 is
positioned within the cover 1230 and is attached to the cuff 1240, the clinician closes the
opening in the cover 1230 to enclose the pump 912. The cover 1230 may be closed

using, for example, sutures, staples, adhesives, or other fasteners. Even when the cover
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1230 is closed, the cover 1230 defines an opening to allow an outflow conduit and a
driveline cable to exit the cover 1230.

In some implementations, a cover is separate from the cuff 1240. For example,
after the pump 912 has been attached at the heart 914, a cover may be placed around the
pump 912 and then be sutured to the sewing ring 1241 or otherwise secured around the
pump 912.

In some implementations, the sewing ring 1241 extends radially outward from the
inflow cannula 950 to or beyond the outer perimeter 961 of the pump 912. That is, the
outer diameter of the sewing ring 1241 can be as large as or larger than the outer diameter
of the pump 912 at the proximal side 994. As a result, after the pump 912 is seated
against the cuff 1240, the outer edge of the sewing ring 1241 remains exposed and
accessible to the clinician. The clinician may then place a cover over the pump 912, and
may attach the edge of the cover to the fabric at the exposed regions of the sewing ring
1241 with sutures or another fastener.

In some implementations, a portion 1243 of the sewing ring 1241 extends distally,
for example, past the proximal side 994 of the pump 912 when the cuff 1240 is seated
against the pump 912. In some implementations, the portion 1243 extends around a
majority of, or substantially all of, the circumference of the pump 912. The clinician may
attach a cover around the pump 1242 by attaching a fabric or other material to the portion
1243, ‘

Referring to Fig. 40, an example of a process 1300 for implanting the pump 912 is
illustrated. The process 1300 describes implantation with an apical approach, but other
implantation locations and techniques may be used.

A clinician attaches the cuff 920 to a heart (1310). For example, for implantation
in an LVAD configuration, the clinician locates the apex of the left ventricle, and sutures
the sewing ring 1025 of the cuff 920 to the myocardium. As discussed above, the cuff
920 can be sufficiently rigid to flatten at least a portion of a myocardium of the heart
(e.g., a portion adjacent the cuff) when the cuff 920 is attached to the heart 914. For
example, the cuff 920 may include two or more layers of fabric, and may include a

generally planar insert 1030 that is more rigid than the layers of fabric.
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The clinician forms an opening in the myocardium (1320). For example, the
clinician may use a coring tool to excise a cylindrical segment of the myocardium. In
some implementations, when the cuff 920 is attached to the heart before cutting the
opening in the myocardium, the clinician cuts the opening through a central opening in
the cuff 920. In other implementations, the clinician cuts the opening in the myocardium
and afterward attaches the cuff 920 to the heart 914, with the central opening of the cuff
920 located over the opening of the myocardium.

The clinician inserts the inflow cannula 950 of the pump 912 through the central
opening in the cuff 920 and into the opening in the myocardium (1330).

The clinician then attaches the pump 912 to the cuff 920 (1340). For example, the
clinician may engage a coupling mechanism that is configured to limit translation of the
inflow cannula through the central opening of the cuff 920. To engage the coupling
mechanism, the clinician holds the cuff 920 by pressing inward on the outer edge of the
cuff 920. The clinician applies a counterforce against the inflow cannula 950 or the
pump 912, in a direction along the central axis of the inflow cannula 950, to seat the cuff
920 on the inflow cannula 950 or another portion of the pump 912. In some
implementations, the clinician engages a locking mechanism after engaging the coupling
mechanism. For example, the clinician may slide a clip into position, by moving the clip
in a plane generally perpendicular to the inflow cannula 950.

To attach the pump 912 to the cuff 920, the clinician optionally attaches one or
more sutures to one or more suture anchors disposed on an exterior of the pump 912. For
example, the clinician passes sutures through eyelets disposed along an outer perimeter of
the pump 912 and through the sewing ring 1025 of the cuff 920. The clinician
additionally or alternatively may pass the sutures through a portion of the myocardium.
Sutures attached at various suture anchors around the pump maintain the position of the
sewing ring 1025 extending generally along a plane perpendicular to the inflow cannula
950.

In some implementations, the process 1300 includes covering the pump 912 with
the cover 1230. For example, the clinician wraps a fabric around the housing 964 of the
pump 912, and closes the fabric to encase the pump 912, shielding the exterior of the

pump 912 from tissue adhesion.
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Referring to Fig. 41, an assembly 1400 includes a cuft 1410 and an inflow
cannula 1430 that are connected together prior to implantation, and then implanted as a
single unit. Pre-attaching the cuff 1410 and inflow cannula 1430 may reduce the number
of components the clinician must install during implantation. In addition, using the
assembly 1400 may reduce the complexity of the implantation procedure and may reduce
the risk of bleeding after implantation.

The cuff 1410 includes a fabric ring 1412, for example, a ring of polyester velour
or PTFE felt, that a clinician may suture to the heart 914. The fabric ring 1412 is
attached to a body 1414 that extends around the inflow cannula 1430. A clamp or clip
1416 extends around the body 1414 and the inflow cannula 1430 to secure the cuff 1410
to the inflow cannula 1430. In some implementations, an adhesive or other fastener
secures the cuff 1410 and inflow cannula 1430.

The inflow cannula 1430 has a distal end 1438 that includes one or more
attachment features, such as screw threads or clips, to attach to the pump 912. The inflow
cannula 1430 defines a central axis 1432 and defines an inlet 1434 at a proximal end
1436. The inflow cannula 1430 flares outward from the central axis 1432 at the proximal
end 1436. When implanted, the flared proximal end 1436 contacts the endocardium, e.g.,
the inner surface of the heart 914. The flared proximal end 1436 separates the
endocardium 915 from the inlet 1434, limiting the potential for occlusion of the inlet
1434 by the endocardium 915. As a result, the region of the heart 914 adjacent the inflow
cannula 1430 is secured between the fabric ring 1412 on the exterior of the heart 914 and
the flared proximal end 1436 on the interior of the heart 914. -

To implant the assembly 1400, the clinician first cuts an opening in the
myocardium. The clinician then inserts the proximal end 1436 into the opening, and
sutures the fabric ring 1412 to the myocardium. With the assembly 1400 attached to the
heart, the clinician attaches the distal end 1438 of the inflow cannula 1430 to the pump.
For example, the distal end 1438 may be received into the housing of the pump, and may
be secured by threads, a clip, or another fastening mechanism.

Referring to Figs. 42A and 42B, a cuff and cannula assembly 1450 includes an
inflow cannula 1460 having a fabric 1470 attached directly to the exterior of the inflow

cannula 1460. The inflow cannula 1460 has a circumferential ridge 1462 that extends
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around the exterior of the inflow cannula 1460. The fabric 1470, for example, a ring of a
polyester velour or PTFE felt, is positioned on the ridge 1462 and extends around the
inflow cannula 1460.

As shown in Fig. 42B, holes 1464 are defined through the ridge 1462. Sutures
1472 extend through the holes 1464 and the fabric 1470 to secure the fabric 1470 to the
inflow cannula 1460. The assembly 1450 may be provided to a clinician with the fabric
1470 already secured to the inflow cannula 1460. During implantation, after the clinician
positions the assembly 1450 relative to the heart 914, for example, with the inflow
conduit 1460 extending into the left ventricle, a clinician places sutures 1480 to secure
the fabric 1470 to the myocardium.

Referring to Fig. 43, a cuff 1500 includes a proximal portion 1510 that extends
into the heart 914 and contacts the endocardium 915. In general, positioning a portion of
an inflow cannula, cuff, or other component against the endocardium 915 can separate the
endocardium 915 from the inlet of an inflow cannula, reducing the risk of occlusion of
the inflow cannula.

As shown in Fig. 43, the cuff 1500, which is separate from the inflow cannula 950
of the pump 912, engages the interior of the heart 914 and the exterior of the heart 914.
After a hole is cored in the heart 914, the cuff 1500 is deployed to capture a portion of the
myocardium between the proximal portion 1510 and a distal portion 1512, which results
in flattening of the myocardium. After the cuff 1500 is placed on the heart 914, the
clinician may insert the inflow cannula 950 of the pump 912 through the center of the
cuff 1500 and attach the cuff 1500 to the pump 912. The cuff 1500 remains in place on
the heart 915, with the inflow cannula 950 extending through the cuff 1500, to limit the
risk of pump malposition and occlusion of the inflow cannula 950.

To promote flattening of the myocardium, the proximal portion 1510 and/or the
distal portion 1512 can have a flexural modulus of greater than 50 psi, for example, a
flexural modulus at least 60 psi, at least 75 psi, at least 90 psi, at least 100 psi, at least 125
psi, or at least 150 psi.

In the example of Fig. 43, the cuff 1500 includes a fabric 1502, such as a ring of a
polyester velour or PTFE felt, and a member 1504 formed of, for example, a ﬁexible

material such as silicone. The fabric 1502 may be attached to the distal portion 1512 of
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the member 1504. For example, the fabric 1502 may be captured in silicone of the
member 1504, The clinician may attach the fabric 1502 to the heart 914, for example,
with sutures. As discussed further below, some implementations of the cuff 1500 may be
attached to the heart 915 without the fabric 1502 and without sutures or other fasteners.

The member 1504 defines a central axis 1506. The member 1504 includes the
proximal portion 1510, which is formed as one or more extensions or tabs that extend
outward from the central axis 1506. In some implementations, the proximal portion 1510
is a circumferential ring that extends radially outward from the central axis 1506 in a
plane generally perpendicular to the central axis 1506. The proximal portion 1510 has a
width, W3, larger than the inner diameter, ID, of the opening in the heart 914. As a result,
to pass through the opening, the proximal portion 1510 deflects inward toward the central
axis 1506. Once the proximal portion 1510 has passed through the myocardium into, for
example, a ventricle of the heart 914, the proximal portion 1510 expands outward,
limiting the cuff 1500 from separating from the heart 914. The proximal portion 1510
rests on the endocardium 915, along the inner surface of the heart 914.

After the cuff 1500 is coupled to the heart 914, an inflow cannula may be placed
through the member 1504 and secured within the member 1504. The presence of the
proximal portion 1510 against the endocardium 915 can reduce the risk that heart tissue
encroaches on the internal lumen of the inflow cannula. In the implanted configuration,
the cuff 1500 remains around the inflow cannula 950 of the pump 912, securing the pump
912 to the heart 914.

In some implementations, the distal portion 1512 of the member 1504 extends
generally radially outward from the central axis 1506, for example, as a circumferential
flange. The proximal portion 1510 also extends generally radially outward from the
central axis 1506, for example, as a circumferential flange. The length, L3, of the
member 1504 between the proximal portion 1510 and the distal portion 1512 can be
configured to exert pressure on the portions of the myocardium captured between the
proximal portion 1510 and the distal portion 1512.

In some implementations, the member 1504 is elastic, expandable, or otherwise
adjustable to change the length, ;. The length, L3, may be adjusted to exert a desired

amount of force on the myocardium to flatten the myocardium and secure the position of
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the cuff 1500 relative to the heart 914. The length, L, may also be adjusted to
accommodate varying thicknesses of heart walls. For example, the member 1504 may
have corrugated walls that may expand or compress to adjust the length, L;. As another
example, the member 1504 may include a resilient member, such as a spring, located
between the proximal portion 1510 and the distal portion 1512 to exert a compressive
force against tissue located between the proximal portion 1510 and the distal portion
1512. As another example, the member 1504 may include a frame 1540 (shown in
dashed lines) or other component with a shape memory, for example, an internal frame
formed of nickel-titanium alloy, a polymer, or other material. After placement of the cuff
1500 into the opening in the heart 914, the frame 1540 may contract to decrease the
length, L3, and compress the myocardium between the proximal portion 1510 and the
distal portion 1512. For example, heat may activate the shape memory of the frame 1540
and cause the cuff member 1504 to contract.

In some implementations, the cuff 1500 is configured to maintain its position on
the heart 914 without being sutured to the heart. The cuff 1500 may be secured to the
heart 914 by the capture of the myocardium between the proximal portion 1510 and the
distal portion 1512. Accordingly, the fabric 1502 or other material may be omitted.
Engagement with the heart 915 can also flatten the myocardium as discussed above.

A cuff 1500 that can be secured to the heart without sutures includes the frame
1540, which may be formed of, for example, a super-elastic or shape memory material,
such as nickel-titanium alloy or a polymer. The frame 1540 may be covered in, for
example, fabric, PTFE felt, polyester, silicone, or another biocompatible material. In
some implementations of the cuff 1500, the frame 1540 is exposed and does not have a
covering. In preparation for placement on the heart 915, the proximal portion 1510 is
deflected inward toward the axis 1506, which permits the proximal portion 1510 to enter
a hole in the heart 915 having an inner diameter, ID, less than the width, W3, or outer
diameter of the proximal portion 1510. The clinician may use a tool to hold the proximal
portion 1510 in the deflected position while inserting the proximal portion 1510 through
the hole in the heart 915.

Once within the heart 915, the proximal portion 1510 expands outward, for

example, due to the resiliency or shape memory of the frame 1540. For example, the
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frame 1540 may be configured to respond to body heat or other conditions to regain its
natural form, in which the proximal portion 1510 extends radially outward. The shape
memory or resiliency of the frame 1540 also causes the cuff 1500 to contract, exerting a
force on the myocardium between the proximal portion 1510 and the distal portion 1512.
In some implementations, a tool may be used to expand the proximal portion 1510 within
the heart 914 and/or to adjust the length, L3, in addition to or instead of the resiliency or
shape memory of the frame 1540. With the cuff 1500 deployed in this manner, pressure
on the region of the myocardium surrounding the hole in the heart 914 secures the cuff
1500 in position with respect to the heart 914, without the need for sutures or other
fasteners. The pressure exerted by the cuff 1500 on the heart 914 maintains the position
of the pump 914 and its inflow cannula 950 relative to the heart 914 after the pump 914 is
secured to the cuff 1500.

Other techniques may also be used to capture portions of the myocardium. For
example, the member 1504 may be divided into a proximal component that includes the
proximal portion 1510 and a distal component that includes the distal portion 1512. In
addition, the proximal and distal components may be rigid or have rigid inner frames,
formed, for example, of metal or PEEK, rather than a flexible material. The proximal
component and distal component may threadedly connect to each other. Rotation of the
proximal and distal components relative to each other may adjust the length, L3, between
the proximal portion 1510 and distal portion 1512 to capture tissue disposed between. A
clinician may use a clip or other tool to hold the proximal component while rotating the
distal component to adjust the length, Ls.

Fig. 44 shows an example of cuff 1550 that has a proximal component 1560 that
can be adjusted relative to a distal component 1570. The proximal component 1560 has a
portion 1562 that extends radially outward from an axis 1552 through a central opening
1554 in the cuff 1550. The proximal component 1560 also includes screw threads 1564
that mesh with screw threads 1574 of the distal component 1570. A clinician may use a
tool 1580 to hold the proximal component 1560, while the proximal component 1560 and
the distal component 1570 are rotated relative to each other to tighten the portion 1562
against the endocardium 915. This force may capture the myocardium between the

proximal component 1560 and the distal component 1570. In some implementations,
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capture of the myocardium in this manner may be used to couple the cuft 1550 to the
heart 914 without sutures or other fasteners.

In general, flattening of the myocardium may be achieved using one or more of
the techniques described above. For example, the myocardium may be flattened using (i)
sutures connected to the housing of a pump, (ii) a cuff having an appropriate flexural
modulus, (iii) a member that extends into the heart to engage the endocardium, or (iv)
capture of the myocardium from within and from outside the heart, or any combination or
sub-combination thereof.

A number of implementations have been described. Nevertheless, it will be
understood that various modifications may be made without departing from the spirit and
scope of the disclosure. Implementations can include any appropriate combination or
subcombination of features described above. For example, some of or all of the features
described for the pumps 50, 250, 750, 912 cuffs 20, 120, 320, 620, 1240, 1500, 1550
cannulas 50, 150, 350, 650, 950, 1430, 1460 and clips 200, 700 can be combined or
implemented individually. Accordingly, other implementations are within the scope of

the following claims.
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WHAT IS CLAIMED IS:

1. A cuff for attachment to a heart, the cuff comprising:

an attachment component configured to engage a blood pump to attach the cuff to
the blood pump; and

a sewing ring for attachment to the heart, the sewing ring being coupled to the
attachment component, the attachment component and the sewing ring each defining a
central opening configured to admit an inflow cannula of a blood pump,

wherein the sewing ring comprises a member that provides rigidity to flatten a

portion of a myocardium of the heart when the cuff is attached to the heart.

2. The cuff of claim 1, wherein the sewing ring comprises two or more disc-shaped

layers of fabric.

3. The cuff of claim 2, wherein the two or more disc-shaped layers are formed of a

felt, a mesh, or a woven material.

4, The cuff of claim 2, wherein the two or more disc-shaped layers are formed of

polytetrafluoroethylene, polyester, or polyethylene terephthalate.

5. The cuff of claim 2, wherein the two or more disc-shaped layers are formed of

polytetrafluoroethylene felt.

6. The cuff of claim 2, wherein the two or more disc-shaped layers are attached to

each other by sutures or an adhesive.
7. The cuff of claim 2, wherein each of the two or more disc-shaped layers has a

thickness between approximately 1.3 millimeters and 2.3 millimeters, and a maximum

water permeability of between approximately 450 ml/cm?/min and 650 ml/cm*/min,
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8. The cuff of claim 2, wherein the sewing ring comprises an insert disposed

between the disc-shaped layers, the insert being more rigid than the disc-shaped layers.

9. The cuff of claim 8, wherein the insert is formed of polyether ether ketone,

titanium, a titanium alloy, a cobalt chromium alloy, or a shape-memory polymer.
10. The cuff of claim 8, wherein the insert is covered in silicone.

11. The cuff of claim 8, wherein the insert is a lattice or web that defines a central

opening that admits the inflow cannula of the blood pump.

12. The cuff of claim 8, wherein the insert has an inner perimeter, an outer perimeter,
and a plurality of extensions that extend radially inward between.the outer perimeter and

the inner perimeter.
13. The cuff of claim 8, wherein the insert is formed of a resilient material.
14.  The cuff of claim 8, wherein the insert is formed of a nickel-titanium alloy.

15. A method comprising: ‘

attaching a cuff to a heart, the cuff being sufficiently rigid such that at least a
portion of a myocardium of the heart is flattened by the attaching;

forming an opening in the myocardium;

positioning an inflow cannula of a blood pump through a central opening in the
cuff and into the opening in the myocardium; and

attaching the blood pump to the cuff.

16.  The method of claim 15, further comprising attaching one or more sutures to one

or more suture anchors disposed on an exterior of the blood pump.
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17.  The method of claim 16, wherein attaching the one or more sutures to one or more
suture anchors comprises passing a suture through an eyelet disposed along an outer

perimeter of the blood pump and through a portion of the cuff.

18. The method of claim 16, wherein attaching the one or more sutures to one or more
suture anchors comprises passing a suture through an eyelet disposed along an outer

perimeter of the blood pump and through a portion of the myocardium.

19.  The method of claim 16, wherein attaching the one or more sutures to one or more
suture anchors comprises attaching sutures at multiple suture anchors disposed around an
outer perimeter of the blood pump, the sutures extending through a sewing ring of the
cuff and maintaining the position of the sewing ring generally along a plane

perpendicular to the inflow cannula.

20.  The method of claim 15, wherein attaching the blood pump to the cuff comprises
engaging a coupling mechanism configured to prevent translation of the inflow cannula

through the central opening of the cuff.

21. The method of claim 20, wherein engaging the coupling mechanism comprises
holding the cuff at an outer edge of the cuff and applying a counterforce with the cuff
against the blood pump.

22.  The method of claim 20, wherein attaching the blood pump to the cuff comprises

engaging a locking mechanism after engaging the coupling mechanism.
23.  The method of claim 15, wherein forming the opening in the myocardium

comprises cutting the opening in the myocardium through the cuff after the cuff'is

attached to the heart.
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24,  The method of claim 15, wherein attaching the cuff to the heart comprises
attaching the cuff to the heart after forming the opening in the myocardium, the central

opening of the cuff being positioned over the opening in the myocardium.

25.  The method of claim 15, wherein attaching the cuff to the heart comprises
attaching to the heart a cuff comprising a sewing ring comprising two or more layers of

fabric.,

26.  The method of claim 15, wherein attaching the cuff to the heart comprises
attaching to the heart a cuff comprising a generally planar insert disposed between two or
more layers of fabric, the generally planar insert being more rigid than the two or more

layers of fabric.

27.  The method of claim 15, further comprising surrounding the blood pump within

an implantable fabric cover defining a pocket around the blood pump.

28.  The method of claim 15, wherein the forming is performed before the attaching.

29.  The method of claim 15, wherein the forming and the positioning of the inflow

cannula are performed substantially in one step.

30.  Ablood pump comprising:

a housing disposed about a pump mechanism, the housing having a proximal side
configured to face toward a heart and an inflow cannula extending from the proximal
side, the housing having an outer perimeter,

the housing including a plurality of suture anchors disposed along the outer

perimeter of the housing.

31.  The blood pump of claim 30, wherein the suture anchors are eyelets defined

through the housing.
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32, The blood pump of claim 31, wherein the housing has a peripheral side oriented
generally perpendicular to the proximal side,
wherein one or more of the eyelets defines a passage from the peripheral side to

the proximal side.

33.  The blood pump of claim 32, wherein the passage extends from the peripheral

side inward toward the inflow cannula.

34.  The blood pump of claim 32, wherein the passage has a central axis, and the
central axis is oriented at an angle of between 20 degrees and 50 degrees of the peripheral

side.

35.  The blood pump of claim 30, wherein the housing is configured to receive a
ventricular cuff about the inflow cannula with the ventricular cuff adjacent the proximal
side,

wherein each of the plurality of suture anchors defines a passage oriented to direct
a needle through the ventricular cuff when the ventricular cuff is positioned about the

inflow cannula with the ventricular cuff adjacent the proximal side.

36. The blood pump of claim 30, wherein the outer perimeter of the housing is
generally circular and the housing has a circumference, and the suture anchors are spaced

apart along at least a portion of the circumference.

37.  The blood pump of claim 36, wherein the suture anchors are disposed around

more than half of the circumference.

38.  The blood pump of claim 36, wherein the suture anchors are spaced apart at an

angular distance of between 10 and 50 degrees.

39.  The blood pump of claim 36, wherein the inflow cannula defines a central

longitudinal axis,
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wherein the suture anchors each have an opening disposed in a plane, the plane

being generally perpendicular to the central longitudinal axis of the inflow cannula.

40. A method comprising:

attaching a cuff to a heart, the cuff having a central opening;

forming an opening in the heart;

positioning an inflow cannula of a blood pump through the central opening in the
cuff and into the opening in the heart; and

attaching the blood pump to the cuff with a suture anchored to a suture anchor on

the exterior of the blood pump.

41. A method comprising:

attaching a cuff'to a heart, the cuff having a central opening;

forming an opening in the heart;

positioning an inflow cannula of a blood pump through the central opening in the
cuff and into the opening in the heart;

attaching the blood pump to the cuff; and

enclosing the implanted blood pump within an implantable fabric cover.

42, A system comprising: ‘

a blood pump having an inflow cannula defining a lumen and a central axis; and

a cuff for attachment to a heart, the cuff comprising a fabric disc defining a
central opening,

wherein the cuff or the inflow cannula comprises a portion extending radially
outward from the central axis, the portion being configured to contact an endocardium of
the heart when the blood pump is implanted with the inflow cannula extending into the

heart through the central opening of the cuff.

43.  The system of claim 42, wherein the inflow cannula comprises a proximal end

that flares outward.
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44,  The system of claim 42, wherein the cuff comprises a flexible portion that is
configured to deflect inward to enter a hole in the heart, and is configured to expand

outward within the heart to rest against the endocardium.

45,  The system of claim 42, wherein the cuff has a proximal portion and a distal
portion that each extend radially outward from the central axis, wherein a distance
between the proximal portion and the distal portion is adjustable to capture a portion of a

myocardium of the heart between the proximal portion and the distal portion.

67



WO 2014/036060 PCT/US2013/056952

1/54




WO 2014/036060 PCT/US2013/056952

2/54




WO 2014/036060 PCT/US2013/056952

204

3/54
30
23
22
24
40
36 /
- 34
35
72

70




WO 2014/036060 PCT/US2013/056952

4/54




WO 2014/036060 PCT/US2013/056952

FIG. 5B 28




000000000000000000000000000000

6/54

50
N
52 : }
30 | ;
58 56
9
7 34
24 37 70 '
5 26

FIG. 6



WO 2014/036060 PCT/US2013/056952

7/54

FIG. 7B



WO 2014/036060 PCT/US2013/056952

8/54

FIG. 7C

FIG. 7D



PCT/US2013/056952

WO 2014/036060

9/54

FIG. 8B



PCT/US2013/056952

WO 2014/036060

10/54

FIG. 8C

FIG. 8D



PCT/US2013/056952

WO 2014/036060

11/54

I e
"




WO 2014/036060 PCT/US2013/056952

12/54

FIG. 10A




WO 2014/036060 PCT/US2013/056952




WO 2014/036060 PCT/US2013/056952

14/54

FIG. 11A

FIG. 11B



WO 2014/036060 PCT/US2013/056952

15/54
126
141 2 146 136 142 <
134 ’ . / ~ag SN ) 136
136 8 118146148\ / 134
Pt ez T4 SN Nas BT 148
148 139 194 199 439 /146
D134 136 142 135 136 .
‘ S 133/ /M " N\ 141
141 AU — 134 5/
gl 134 y [ 1148 & 148
146 - PL 5 )
148 4 - »
(148 ' 139 138
139 10 148 |148 141
146 AN 146
141 hg 134
134
140
138

W

FIG. 12B



WO 2014/036060 PCT/US2013/056952

212

218 FIG. 13B



WO 2014/036060 PCT/US2013/056952

17/54

256

160

FIG. 14A



WO 2014/036060 PCT/US2013/056952

18/54

256

254

FIG. 14B



PCT/US2013/056952

WO 2014/036060

19/54

256

215

4

1

2

FIG. 14C



WO 2014/036060 PCT/US2013/056952

FIG. 15A



WO 2014/036060 PCT/US2013/056952

21/54

150

212

214

FIG. 15B



WO 2014/036060

16

22/54

FIG. 15C

PCT/US2013/056952

254



WO 2014/036060 PCT/US2013/056952

23/54
150
152 *%)
199 120 130
142
144 B3 156

252
250 \\\‘ \\\ —
200 - 158
\\ \\\ 124—"  124——

N\
gggggy —— %%% 160
/ N\
146
o 254 162 014 216 125 138

FIG. 16



WO 2014/036060 PCT/US2013/056952

24/54

404 405 326

FIG. 17A

350

FIG. 17B




WO 2014/036060 PCT/US2013/056952

25/54

402

407 326

406

405
FIG. 18A
320 330
\
322-\\\\

328 414

FIG. 18B



WO 2014/036060 PCT/US2013/056952

26/54

325

406 308

356

358
502

406

FIG. 19B



PCT/US2013/056952

27/54

WO 2014/036060

% oze 0¢ Old

i M
% % o Rt NN NN %
6G¢ ; { a—— NN J
: 3 N o 5 5, 5,
5N B
‘ \% ‘ Seiemaiieieinly / S f’/
X wiele! g ///
et J—1 ) QRN
52505 i ‘
AT fofon 7 ! %
S Y 5L s B
e el o NN 7 // %
TR 0, QG¢
SIS v e vie
g X K _
Sttt | N
vttt At | ey \
s s
Sttt sttt | iy . \
wieleieietatetat et erete | e o ! i %
S8 vor o oo , .
S v N ]
Noioss o Gce
09¢ D STt = rhote e 002
AL i
, M e
N 18 e
.
7 ﬂ B N L St bttt
TN ot INN Sttt ettt ettt e et T e e e e
8G¢ S Rt N B o e snate ey
: . o o S S
h‘mmw! * AN T N I
R T
e </ S S 0S¢2
2 i B Nt L N Nttt bttt
, N e S Tt T e et ts TAST4
S e
9G¢ e L ettt Tttt
S S
AT e e e e e s
YA T et Tttt tteted
S S S S A4
B ettt
S S S
sfolulutetolatetetototetutotototulototolutetotututetolututetotote Setetatels
A%}
i




WO 2014/036060 PCT/US2013/056952

28/54

620

e s
s R

750

700

FIG. 21



WO 2014/036060 PCT/US2013/056952

29/54

642 626

610

646

614

FIG. 22C



WO 2014/036060 PCT/US2013/056952

30/54

620
622 624

el ..

/ N
625 | /
. //'747 626

FIG. 22D



WO 2014/036060 PCT/US2013/056952

31/54
6 46 : wom
642
656
802\3" 750
1. 1 //I I 1
662 654 6\62
650
622 656 620
R R \Zfi: |
OO, = |:h K A
\ i
660 -
7 / 636
662  gop 6% 802 662

750

FIG. 23B



WO 2014/036060 PCT/US2013/056952

32/54
1
810
i
815 813
815
812
811
815 814 815
PRVN
FIG. 24A
860

870 /

862
872

866
870

872

864

FIG. 24B



WO 2014/036060 PCT/US2013/056952

33/54

AY

. e
R S x\x\\\‘l‘\“x“_
e i N

FIG. 25A

FIG. 25B




WO 2014/036060 PCT/US2013/056952

by
AN
2l
LoE L e

708

FIG. 26B



WO 2014/036060 PCT/US2013/056952

35/54

FIG. 26C

716
726

N

FIG. 26D



PCT/US2013/056952

WO 2014/036060

36/54

S
S

o
T e
2

D

hanannad

e
AR

RN

o,

R e

N

. \\\\.\

gz

i
T,
R R gy

X s

.27

FIG



PCT/US2013/056952

WO 2014/036060

37/54

650

20

o
W -

R

B,V

St

M,
o

RS RES

iaac CEUUIIRINAITY ISR,

FIG. 28A

752

650

A,

rrrrrry:

FIG. 28B



PCT/US2013/056952

WO 2014/036060

38/54

MR NS,

"'\\\.\\
Rasre

e

28C

FIG.



WO 2014/036060 PCT/US2013/056952

39/54

736

;“‘“‘\\““\\‘“\\M\ N
a X s

- " ‘

e )

B R

L . )

N a N X
~ pomRARANG 3 ‘%P 3
0 . > Ry 3
§ & e XX

& & 3 % 1
3 & - X

750




WO 2014/036060 PCT/US2013/056952

40/54
770

774

750

702

700

FIG. 30A

739 738

738 774 770

750

700

FIG. 30C

P e
)
RE: &
o2 o

T
S 0

AN



WO 2014/036060 PCT/US2013/056952

41/54
\
650 \§
620 2
-< R 622 624 §
744 742\\ 774 625 \
748 AN / \\\\\% \
¢ \ e r y
700 746 \§\ 3} »%% NGB “"’%.
- \= SR
\C 7 % P
r JaSaatotote! o
e AN
4444 44444444 :

750
738 636 802



PCT/US2013/056952

WO 2014/036060

42/54

FIG. 32






WO 2014/036060 PCT/US2013/056952

44/54

FIG. 34A

.\

1025{ 1N-1020
N-1022

FIG. 34B



WO 2014/036060 PCT/US2013/056952

45/54

1032

1040
1034

1032

FIG. 34C



PCT/US2013/056952

WO 2014/036060

46/54

1022

1020

o
—
o
—

A
astwonnﬂov/,

A
S

T
LIRS

FIG. 34D



00000000000000000000000000000

2_

[ SV

FIG. 35

e g :\
\\\\\\\\\\\

{\
§




WO 2014/036060 PCT/US2013/056952

48/54

.\'/912
982 964
990 ) 200 - / { 961

960 )968/ \960 960 960
B0 lops  gg5 | 965 965
965 9oy .
N\-950

FIG. 36A

AT
7L

960

965

FIG. 36B



WO 2014/036060 PCT/US2013/056952

49/54

“* FIG.37A

960 og1
FIG. 37B



WO 2014/036060 PCT/US2013/056952




WO 2014/036060 PCT/US2013/056952

51/54

1235——

1233/ FIG. 39

1300

ATTACH CUFF TO HEART
FORM AN OPENING IN THE HEART

_ 1320

INSERT THE INFLOW CANNULA
THROUGH THE CUFF INTO THE OPENING
IN THE HEART 1330

v

ATTACH THE CUFF TO THE PUMP
1340

1310

FIG. 40



PCT/US2013/056952

FIG. 42B



000000000000000000000000000000

15 \k\\\\\\\.

1504 eanand | I@

1512

FFFFFF



54/54

FIG. 44



INTERNATIONAL SEARCH REPORT International application No.
PCT/US2013/056952

A. CLASSIFICATION OF SUBJECT MATTER
A61M 1/10(2006.01)i, AG1M 39/20(2006.01)i

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)
A61IM 1/10; A61B 17/11; A61M 1/12; HOIR 13/514; A61M 39/20

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched
Korean utility models and applications for utility models
Japanese utility models and applications for utility models

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)
cKOMPASS(KIPO internal) & Keywords: ventricular, vasculature, heart, VAD, ventricular assist device, heart assist device, blood pump,
heart pump, cuff, connector, plug

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

X US 2011-0118766 A1 (REICHENBACH, S. H. et al.) 19 May 2011. 1-7
See abstract; claims 1-3,7,155; paragraphs [0003], [0010], [0107]-[0110],
[0118], [0120]-[0123], [0125], [0256]-[0259], [0263]-[0264];

and figures 3a—4b,46a,46¢,48a,48c.

A 8-14,30-39,42-45

X US 2012-0165931 A1 (BOURQUE, K.) 28 July 2012. 42-45
See abstract; paragraphs [0002], [0005], [0007]-[0008], [0026]-[0027],
[0029]-[0030], [0033]-[0037], [0042]-[0043]; and figures 3-7.

A 1-14,30-39

A US 2009-0171136 A1 (SHAMBAUGH, JR. C. R.) 2 July 2009. 1-14,30-39,42-45
See abstract; claims 1,3,8; paragraphs [0001], [0005], [0019]-[0021],
[0026]-[0027], [0030]; and figures 1-3.

A US 2004-0171905 A1 (YU, L. S. et al.) 2 September 2004. 1-14,30-39,42-45
See abstract; claims 1,12; paragraphs [0002], [0010]-[0011], [0024]-[0026],
[0029]; and figures 1-5.

A US 2007-0134993 A1 (TAMEZ, D. et al.) 14 July 2007. 1-14,30-39,42-45
See abstract; claims 1,18; paragraphs [0006]-[0009], [0036]-[0038],
[0046]-[0049]; and figures 1-3.

|:| Further documents are listed in the continuation of Box C. g See patent family annex.
* Special categories of cited documents: "T" later document published after the international filing date or priority
"A" document defining the general state of the art which is not considered date and not in conflict with the application but cited to understand
to be of particular relevance the principle or theory underlying the invention
"E" carlier application or patent but published on or after the international "X" document of particular relevance; the claimed invention cannot be
filing date considered novel or cannot be considered to involve an inventive
"L"  document which may throw doubts on priority claim(s) or which is step when the document is taken alone
cited to establish the publication date of citation or other "Y" document of particular relevance; the claimed invention cannot be
special reason (as specified) considered to involve an inventive step when the document is
"O" document referring to an oral disclosure, use, exhibition or other combined with one or more other such documents,such combination
means being obvious to a person skilled in the art
"P"  document published prior to the international filing date but later "&" document member of the same patent family
than the priority date claimed
Date of the actual completion of the international search Date of mailing of the international search report
19 November 2013 (19.11.2013) 19 November 2013 (19.11.2013)
Name and mailing address of the [ISA/KR Authorized officer
Korean Intellectual Property Office
\ 189 Cheongsa-ro, Seo-gu, Dacjeon Metropolitan City, Han, Inho
9 302-701, Republic of Korea
Facsimile No. +82-42-472-7140 Telephone No. +82-42-481-3362

Form PCT/ISA/210 (second sheet) (July 2009)



INTERNATIONAL SEARCH REPORT International application No.
PCT/US2013/056952

Box No. I Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:;

1. Claims Nos.: 15-29,40-41
because they relate to subject matter not required to be searched by this Authority, namely:
Claims 15-29,40-41 pertain to methods for treatment of the human body and thus relate to a subject-matter which this
International Searching Authority is not required, under Article 17(2)(a)(i) of the PCT and Rule 39.1(iv) of the Regulations
under the PCT, to search.

2. Claims Nos.:
because they relate to parts of the international application that do not comply with the prescribed requirements to such an
extent that no meaningful international search can be carried out, specifically:

3. |:| Claims Nos.:
because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No. III  Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:

1. |:| As all required addtional search fees were timely paid by the applicant, this international search report covers all searchable
claims.

2. |:| As all searchable claims could be searched without effort justifying an additional fee, this Authority did not invite payment
of any additional fee.

3. |:| As only some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.:

4, |:| No required additional search fees were timely paid by the applicant. Consequently, this international search report is
restricted to the invention first mentioned in the claims; it is covered by claims Nos.:

Remark on Protest |:| The additional search fees were accompanied by the applicant's protest and, where applicable, the
payment of a protest fee.
The additional search fees were accompanied by the applicant's protest but the applicable protest
fee was not paid within the time limit specified in the invitation.
|:| No protest accompanied the payment of additional search fees.

Form PCT/ISA/210 (continuation of first sheet (2)) (July 2009)



INTERNATIONAL SEARCH REPORT

International application No.

Information on patent family members PCT/US2013/056952
Patent document Publication Patent family Publication
cited in search report date member(s) date
US 2011-0118766 Al 19/05/2011 AU 2010-320038 Al 31/05/2012
CA 2780817 Al 19/05/2011
EP 2498838 A2 19/09/2012
JP 2013-510691 A 28/03/2013
US 2011-0118829 Al 19/05/2011
US 2011-0118833 Al 19/05/2011
US 2011-0125256 Al 26/05/2011
US 2011-0144680 Al 16/06/2011
US 2012-010455 Al 12/01/2012
WO 2011-060386 A2 19/05/2011
WO 2011-060386 A3 15/12/2011
US 2012-0165931 Al 28/06/2012 US 2011-160850 Al 30/06/2011
US 8152845 B2 10/04/2012
US 2009-0171136 Al 02/07/2009 EP 2231223 Al 29/09/2010
US 7942805 B2 17/05/2011
WO 2009-085243 Al 09/07/2009
US 2004-0171905 Al 02/09/2004 AU 2003-240581 Al 19/01/2004
US 2004-0002624 Al 01/01/2004
US 6732501 B2 11/05/2004
US 8403823 B2 26/03/2013
WO 2004-002573 Al 08/01/2004
US 2007-0134993 Al 14/06/2007 AU 2006-321804 Al 14/06/2007
AU 2006-321804 B2 24/03/2011
CA 2631242 Al 14/06/2007
CN 101442945 A 27/05/2009
CN 101442945 B 02/05/2012
EP 1958295 A2 20/08/2008
EP 1958295 A4 15/05/2013
JP 2009-518141 A 07/05/2009
KR 10-2008-0080607 A 04/09/2008
WO 2007-067792 A2 14/06/2007
WO 2007-067792 A3 15/01/2009

Form PCT/ISA/210 (patent family annex) (July 2009)




	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - description
	Page 29 - description
	Page 30 - description
	Page 31 - description
	Page 32 - description
	Page 33 - description
	Page 34 - description
	Page 35 - description
	Page 36 - description
	Page 37 - description
	Page 38 - description
	Page 39 - description
	Page 40 - description
	Page 41 - description
	Page 42 - description
	Page 43 - description
	Page 44 - description
	Page 45 - description
	Page 46 - description
	Page 47 - description
	Page 48 - description
	Page 49 - description
	Page 50 - description
	Page 51 - description
	Page 52 - description
	Page 53 - description
	Page 54 - description
	Page 55 - description
	Page 56 - description
	Page 57 - description
	Page 58 - description
	Page 59 - description
	Page 60 - description
	Page 61 - description
	Page 62 - description
	Page 63 - claims
	Page 64 - claims
	Page 65 - claims
	Page 66 - claims
	Page 67 - claims
	Page 68 - claims
	Page 69 - claims
	Page 70 - drawings
	Page 71 - drawings
	Page 72 - drawings
	Page 73 - drawings
	Page 74 - drawings
	Page 75 - drawings
	Page 76 - drawings
	Page 77 - drawings
	Page 78 - drawings
	Page 79 - drawings
	Page 80 - drawings
	Page 81 - drawings
	Page 82 - drawings
	Page 83 - drawings
	Page 84 - drawings
	Page 85 - drawings
	Page 86 - drawings
	Page 87 - drawings
	Page 88 - drawings
	Page 89 - drawings
	Page 90 - drawings
	Page 91 - drawings
	Page 92 - drawings
	Page 93 - drawings
	Page 94 - drawings
	Page 95 - drawings
	Page 96 - drawings
	Page 97 - drawings
	Page 98 - drawings
	Page 99 - drawings
	Page 100 - drawings
	Page 101 - drawings
	Page 102 - drawings
	Page 103 - drawings
	Page 104 - drawings
	Page 105 - drawings
	Page 106 - drawings
	Page 107 - drawings
	Page 108 - drawings
	Page 109 - drawings
	Page 110 - drawings
	Page 111 - drawings
	Page 112 - drawings
	Page 113 - drawings
	Page 114 - drawings
	Page 115 - drawings
	Page 116 - drawings
	Page 117 - drawings
	Page 118 - drawings
	Page 119 - drawings
	Page 120 - drawings
	Page 121 - drawings
	Page 122 - drawings
	Page 123 - drawings
	Page 124 - wo-search-report
	Page 125 - wo-search-report
	Page 126 - wo-search-report

