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Abstract:

An improved system for supporting (e.g., localization and/or positioning of) intravascular devices
discussed herein provides for example a multi-element arrangement. A set of struts optionally
projects from the intravascular device and contacts the vessel walls. The localization and positioning
of the pump may be provided by the struts and/or by use of a tether opposing a propulsive force to
ensure localization.
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SUPPORT STRUCTURES FOR INTRAVASCULAR BLOOD PUMPS

INCORPORATION BY REFERENCE TO ANY PRIORITY APPLICATIONS

[0001] This application claims priority to U.S. Provisional Patent Application No.
62/947,940, filed December 13, 2019, the entire contents of which are hereby incorporated
by reference herein in their entirety and for all purposes. This application also claims priority
to International Application No. PCT/US2020/062928, filed December 2, 2020, which claims
priority to U.S. Provisional Patent Application No. 62/943,062, filed December 3, 2019, the
entire contents of each of which are hereby incorporated by reference herein in their entirety
and for all purposes. Any and all applications for which a foreign or domestic priority claim
is identified in the Application Data Sheet as [iled with the present application are hereby
incorporated by reference under 37 CFR 1.57.

BACKGROUND

Field

[0002] The field relates to localization and positioning structures and methods for
intravascular blood pumps.

Description of the Related Art

[0003] In the ficld of cardiac assist devices and mechanical circulatory support,
blood pumps are used to support the heart in circulating blood through the body. Some of
these blood pumps arc intravascular blood pumps and arc designed or adapted for usc within
blood vessels.

[0004] Some intravascular blood pumps have been described as including hooks
to fix the intravascular pump to the inner wall of the vessel. Hooks prevent translation of the
device along the axis of the vessel and rotation of the device about the axis of the vessel
through direct local contact.

SUMMARY OF THE INVENTION

[0005] A support or localization structure for a pump that may limit or prevent
translation, limit or prevent rotation, aid in maintaining the position of some part of the pump
relative to some anatomical structure, or any combination of these is needed. The localization

structure may be designed for acute, semi-acute, semi-chronic, or chronic use.
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[0006] Blood is a harsh environment for devices and any thrombus, foreign
material, or pathogen in a blood vessel could have dire consequences. Novel localization
structures that are biocompatible, non-thrombogenic, and non-hemolytic for well in excess of
the expected duration of use are needed. Additionally, the function and removal of novel
means of localization should preferentially be consistent with any endothelialization that may
occur during the expected duration of use.

[0007] Novel localization structures for intravascular devices preferably provide
biocompatibility of materials and surfaces, design for hemodynamic compatibility (reduced
or minimal flow mediated thrombogenicity and hemolysis and disruption to natural flow),
reduced or minimal trauma to the inside of the vessel or other anatomical structures.
sufficient localization and freedom of motion, and removability when the therapy that the
localized device provides is complcte.

[0008] Localization and positioning systems and methods for medical devices,
such as intravascular blood pumps or other intravascular devices are disclosed herein. The
various embodiments comprise one or more of the following elements: struts extending from
the device to be localized, said struts providing constant or intermittent contact with the
vessel wall; a tether (e.g., a power lead) to limit translation and aid in positioning; and
propulsion to maintain localization.

[0009] In some embodiments, the localization and positioning system may be part
of or include a support structure that comprises struts that are projections that extend distally
and radially outward from the device to contact the blood vessel walls or other anatomical
features. Various illustrated embodiments show the struts extending distal the pump housing
and impeller. However it should be appreciated that, alternatively, any of the struts may
instead extend proximal the pump head (e.g., proximal the motor housing). In such
embodiments, one or more of the struts can extend proximally from the drive unit or shroud.
In yet other embodiments, one or more, e.g., a first plurality of struts can extend distal the
pump housing and impeller, and one or more, e.g., a second plurality of struts can extend
proximal the pump head (e.g., proximal the motor housing). The struts may be shaped,
formed, and processed so that for a given outward radial force in the expanded configuration,
the radial force in the collapsed configuration and/or the force to move from the expanded to

collapsed configuration is reduced (e. g., minimized).
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[0010] Struts may consist of or otherwise be formed from a biocompatible metal,
shape memory alloy, or alloy, like nitinol, and may be designed to have a particular shape
and/or geometry. Through constant or intermittent contact with the inner wall of the blood
vessel or some other anatomical feature, struts can provide localization or positioning or
both. A device to be positioned may have multiple sets of struts and these may project from
the device at one or more angles or at any angle. In some embodiments, the struts may have
features like hooks. In other embodiments, the struts may have pads to interface with the
surface of the blood vessel wall. For use with intravascular devices, struts may have a
collapsed configuration for fitting within a sheath and an expanded configuration to provide
localization and/or positioning. In some embodiments the struts may have knees (or kinks or
bends) to prevent hooks or other features from contacting the inner wall of a sheath in a
collapscd configuration. The struts may be shaped, formed, and proccssed so that for a given
outward radial force in the expanded configuration, the radial force in the collapsed
configuration and/or the force required to move from the expanded to collapsed configuration
is reduced or minimized.

[0011] In some embodiments, the localization, stabilization, and positioning
system (or support structure) may comprise one or more tethers that connect the device to be
localized and/or positioned to onc or morc anchor or contact points. Tcthers may be flexible
and may preferentially limit translation or rotation in one direction. In some embodiments,
the tethers may have an additional function. As one nonlimiting example, a tether may also
comprise a power lead that transmits electrical power to the device to be localized or
positioned.

[0012] In some embodiments, the localization, stabilization, and positioning
system may comprise a means of propulsion (e.g., a pump in various embodiments). In cases
where the device to be localized and/or positioned is an intravascular blood pump, the
pumping of blood is a key function of the device in some embodiments. The propulsive or
reactive force generated by blood pumping may be used as part of the localization and
positioning system:.

[0013] In some embodiments, the localization and/or positioning system may
comprise combinations of the above elements that together provide unique benefits or

advantages.
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[0014] The discussion herein has outlined rather broadly various features of the
present disclosure in order that the detailed description that follows may be better
understood. Additional features and advantages of the disclosure will be described
hereinafter.

[0015] In one embodiment, a blood flow assist system is disclosed. The blood
flow assist system can include or consist essentially of an impeller disposed in a pump
housing of a pump, the pump comprising a longitudinal axis, the impeller generating a thrust
force when operating in a blood vessel to pump blood; and a tether extending away from the
pump housing, the tether configured to oppose loads applied in opposite directions at
opposite ends thereof. In some embodiments, a longitudinal component of the thrust force
generated by the impeller directed along the longitudinal axis of the pump is opposed by the
tether, the tcther configured to maintain a position of the pump within the blood vcssel
without requiring contact between the pump and a blood vessel wall of the blood vessel.

[0016] In some embodiments, the system includes a support structure coupled to
or formed with the pump housing, the support structure configured to at least intermittently
contact the blood vessel wall to maintain spacing of the pump housing from the blood vessel
wall in which the pump housing is disposed. In some embodiments, the support structure
compriscs a plurality of clongate struts having a first cnd coupled with the pump housing and
a second end opposite the first end, each elongate strut of the plurality of struts having a
slender body and extending between the first end and the second end. In some embodiments,
the system includes convex contact pads disposed al respective distal portions of the plurality
of struts, the convex contact pads configured to at least intermittently contact the blood
vessel wall to maintain spacing of the pump housing from a blood vessel wall in which the
pump housing is disposed. In some embodiments, the plurality of struts includes a first
plurality of struts and a second plurality of struts, wherein, when the plurality of struts are in
an expanded configuration, first contact pads of the first plurality of struts are configured to
engage with the blood vessel wall at a first longitudinal position and second contact pads of
the second plurality of struts are configured to engage with the blood vessel wall at a second
longitudinal position that is spaced from the first longitudinal position. In some
embodiments, the contact pads are configured to be disposed distal and radially outward of

the pump housing and to be reversibly deflectable to hold the pump housing within the blood
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vessel to hold the pump housing away from the blood vessel wall. In some embodiments, the
contact pads comprise a convex periphery surrounding a convex blood vessel engagement
surface. In some embodiments, the contact pads comprise a convex profile in a cross-
sectional plane disposed transverse to a longitudinal axis of the pump. In some
embodiments, the tether comprises a conductor configured to convey current to a motor
operatively coupled to the impeller from a source connectable to a proximal end of the tether.
In some embodiments, the system includes the pump further comprises a motor housing
coupled to a proximal portion of the pump housing, the motor disposed in the motor housing.
In some embodiments, the tether comprises a rotatable drive shaft connected to a motor to be
disposed outside a body of the patient. In some embodiments, a kit comprises the blood flow
assist system and a sheath sized and shaped to receive the pump housing, the tether, and the
support structurc.

[0017] In another embodiment, a blood flow assist system is disclosed. 'The
blood flow assist system can include or consist essentially of an impeller disposed in a pump
housing of a pump, the pump comprising a longitudinal axis, the impeller generating a thrust
force when operating in a blood vessel to pump blood; a tether extending away from the
pump housing, the tether configured to oppose loads applied in opposite directions at
opposite ecnds thercof; and a support structure.

[0018] In some embodiments, the support structure comprises convex contact
pads configured to at least intermittently contact a blood vessel wall to maintain spacing of
the pump housing [rom a blood vessel wall in which the pump housing is disposed. In some
embodiments, the system can include a motor operatively coupled with the impeller. In some
embodiments, the tether comprises a hollow, elongate member enclosing a conductor
disposed therein, the conductor configured to convey current to and from the motor from a
source connectable to a proximal end of the tether, the tether configured to oppose loads
applied in opposite directions at opposites ends thereof. In some embodiments, the system
includes a plurality of elongate struts having a first end coupled with a second end of the
pump and a second end opposite the first end, each elongate strut of the plurality of elongate
struts comprising a slender body extending between the first end and the second end. each
strut of the plurality of elongate struts being configured to store strain energy when a

transverse load is applied. In some embodiments, the blood flow assist system includes a
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contact pad disposed at the second end of each of the elongate struts of the plurality of
elongate struts, each contact pad having an enlarged width compared to a width of the
immediately adjacent expanse of the corresponding elongate strut of the plurality of elongate
struts. In some embodiments, in use, a longitudinal component of the thrust force generated
by the impeller directed along the longitudinal axis of the pump is opposed by the tension
member of the tether.

[0019] In some embodiments, the contact pad comprises a generally circular pad
having a diameter greater than the width of the immediately adjacent expanse of the
corresponding elongate struts. In some embodiments, the elongate struts comprise at least
one inflection along the slender body thereof to facilitate folding of the struts into a lumen of
a sheath. In some embodiments, each of the contact pads comprises a smooth surface free of
sharp edges or hooks. In some cmbodiments, cach of the contact pads compriscs a convex
cross-sectional profile on a blood vessel facing side thereof. In some embodiments, each of
the contact pads comprises a spherical portion. In some embodiments, the elongate struts are
configured to apply a load to an aortic wall when deployed to locally radially expand vessel
wall tissue against which the contact pad is apposed. In some embodiments, the contact pad
comprises a hole configured to allow blood vessel wall tissue to be received therein. In some
cmbodiments, cach of the contact pads compriscs onc or morc scalloped cdges to allow blood
vessel wall tissue to be received therein. In some embodiments, each of the contact pads
comprises a domed portion. In some embodiments, the hollow, elongate member is
confligured (o receive a stiffening member to [acilitate introduction of the pump housing. In
some embodiments, the pump further comprises a motor housing coupled to a proximal
portion of the pump housing, the motor disposed in the motor housing. In some
embodiments, a transverse component of the thrust force directed transverse to the
longitudinal axis of the pump is opposed by strain energy stored in at least one of the
elongate struts of the plurality of elongate struts upon deflection of one or more of the
elongate struts of the plurality of struts. In some embodiments, a kit comprises the blood
flow assist system and a sheath sized and shaped to receive the pump housing, the motor, the
tether, and the plurality of elongate struts.

[0020] In some embodiments, the support structure comprises a plurality of

elongate struts having a first end coupled with a second end of the pump and a second end
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opposite the first end, each elongate strut of the plurality of struts having a slender body and
extending between the first end and the second end, the convex contact pads disposed at
respective distal portions of the plurality of struts. In some embodiments, the plurality of
struts includes a first plurality of struts and a second plurality of struts, wherein, when the
plurality of struts are in an expanded configuration, first contact pads of the first plurality of
struts are configured to engage with the blood vessel wall at a first longitudinal position and
second contact pads of the second plurality of struts are configured to engage with the blood
vessel wall at a second longitudinal position that is spaced from the first longitudinal
position. In some embodiments, in a collapsed configuration of the struts, at least a portion
of the struts has a major lateral dimension that is no more than a major lateral dimension of
the pump housing. In some embodiments, the contact pads are configured to be disposed
distal and radially outward of thc pump housing and to bc reversibly deflectable to hold the
pump housing within the blood vessel to hold the pump housing away from the blood vessel
wall. In some embodiments, the contact pads comprise a convex periphery surrounding a
convex blood vessel engagement surface. In some embodiments, the contact pads comprise a
convex profile in a cross-sectional plane disposed transverse to a longitudinal axis of the
pump. In some embodiments, the tether comprises a conductor configured to convey current
to a motor opceratively coupled to the impeller from a source connectable to a proximal end of
the tether. In some embodiments, the pump further comprises a motor housing coupled to a
proximal portion of the pump housing, the motor disposed in the motor housing. In some
embodiments, the tether comprises a rotatable drive shaft connected (o a motor to be
disposed outside a body of the patient.

[0021] In another embodiment, a blood flow assist system is disclosed. The
blood flow assist system can include or consist essentially of an impeller disposed in a pump
housing of a pump; and a support structure comprising a plurality of struts coupled to or
formed with the pump housing, the support structure having an expanded configuration in
which the plurality of struts extend outwardly relative to the pump housing and a collapsed
configuration in which the pump is disposed in a sheath, wherein, in the collapsed
configuration, at least a portion of the struts has a major lateral dimension that is no more
than a major lateral dimension of the pump housing. In some embodiments, the major lateral

dimension of the at least the portion of the struts is less than the major lateral dimension of
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the pump housing. In some embodiments, the blood flow assist system includes a motor
housing and a motor disposed in the motor housing, wherein the major lateral dimension of
the at least the portion of the struts is less than a major lateral dimension of the motor
housing. In some embodiments, the blood flow assist system includes convex contact pads at
a distal portion of the struts, the convex contact pads configured to contact a blood vessel
wall to maintain spacing of the pump housing from a blood vessel wall in which the pump
housing is disposed.

[0022] In another embodiment, a blood flow assist system is disclosed. The
blood flow assist system can include or consist essentially of an impeller disposed in a pump
housing of a pump; and a support structure comprising a plurality of struts coupled to or
formed with the pump housing, the support structure having an expanded configuration in
which the plurality of struts extend outwardly rclative to the pump housing and a collapscd
configuration in which the pump is disposed in a sheath, wherein the plurality of struts
includes a first plurality of struts and a second plurality of struts, wherein, when the plurality
of struts are in an expanded configuration, first contact pads of the first plurality of struts are
configured to engage with the blood vessel wall at a first longitudinal position and second
contact pads of the second plurality of struts are configured to engage with the blood vessel
wall at a sccond longitudinal position that is spaced from the first longitudinal position. In
some embodiments, the blood flow assist system includes convex contact pads at a distal
portion of the plurality of struts, the convex contact pads configured to at least intermittently
contact a blood vessel wall to maintain spacing of the pump housing [rom a blood vessel wall
in which the pump housing is disposed. In some embodiments, a major lateral dimension of
the at least a portion of the struts is less than a major lateral dimension of the pump housing.
In some embodiments, the blood flow assist system includes a tether extending away from
the pump housing, the tether configured to oppose loads applied in opposite directions at
opposite ends thereof.

[0023] In another embodiment, a blood flow assist system is disclosed. The
blood flow assist system can include or consist essentially of an impeller disposed in a pump
housing of a pump, the pump comprising a longitudinal axis, the impeller generating a thrust
force when operating in a blood vessel to pump blood; a tether coupled with a first end of the

pump; and a support structure comprising a contact pad resiliently deflectable toward and
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away from a longitudinal axis of the pump, a free state of the contact pad being spaced away
from the longitudinal axis of the pump by a distance greater than a half-width of a blood
vessel into which the pump housing is to be deployed, the contact pad applying sufficient
force to a wall of the blood vessel to depress a portion of the contact pad into the wall such
that a surrounding portion of the vessel wall is radially inward from a contact surface of the
contact pad. In some embodiments, the contact pad is configured to engage without hooking
the wall of the blood vessel when applied. In some embodiments, the contact pad comprises
an elongate member and an enlarged blood vessel wall contact surface disposed at the end of
the elongate member. In some embodiments, the tether comprises a conductor configured to
convey current from a source connectable to a proximal end of the tether to a motor
operatively coupled with the impeller.

[0024] In anothcr cmbodiment, a blood flow assist systcm is discloscd. The
blood flow assist system can include or consist essentially of a pump comprising:an impeller
disposed in a pump housing; and a strut comprising a first end disposed at or coupled with
the pump housing, a second end opposite the first end., and an inflection zone disposed
between the first end and the second end, the second end elastically deflectable toward and
away from a longitudinal axis of the pump, a free state of the strut spacing the second end
thercof away from the longitudinal axis of the pump, the second end of the strut configured
to engage a wall of the blood vessel. The system can include or consist essentially of a
sheath comprising an inner wall configured to be disposed over the pump and to deflect the
strut between the [irst and the second end thereol; wherein the inflection zone is confligured
such that when the strut is deflected by the inner wall of the sheath, the second end of the
strut is spaced away from the inner wall of the sheath. In some embodiments, the second end
of the strut comprises a hook. In some embodiments, the inflection zone comprises an S-
connection between a first span of the strut and a second span of the strut, the first span and
the second span being disposed along parallel trajectories. In some embodiments, the blood
flow assist system includes a tether coupled with a first end of the pump, the tether
comprising an electrical conveyance comprising a conductor configured to convey current to
and from a source connectable to a proximal end of the electrical conveyance.

[0025] In another embodiment, a method of operating a blood flow assist system.

The method can include or consist essentially of providing a pump at a treatment location
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within a blood vessel of a patient, the pump including a pump housing disposed in a sheath,
an impeller disposed in the pump housing, and a plurality of elongate struts extending from
the pump housing in a collapsed configuration, each elongate strut of the plurality of struts
including a convex contact pad at a distal end thereof; providing relative motion between the
sheath and the pump to remove the pump from the sheath, the plurality of elongate struts
radially self-expanding to an expanded configuration in which at least one convex contact
pad at least intermittently makes contact with a vessel wall of the blood vessel to maintain
spacing of the pump from the vessel wall; and rotating the impeller to pump blood. In some
embodiments, the method includes conveying electrical current to a motor by way of a tether
comprising a conductor, the motor operatively coupled with the impeller and the tether
coupled to the pump, wherein rotating the impeller generates a thrust force, the tether
opposing thc thrush forcc. In somec cmbodiments, the mcthod includes percutancously
delivering the sheath to the treatment location, and, subsequently, delivering the pump to the
treatment location. In some embodiments, the method includes causing a portion of the
contact pad to depress into the vessel wall. In some embodiments, the method includes
removing the pump from the patient.

[0026] In another embodiment, a method of operating a blood flow assist system
is disclosed. The mcthod can include or consist csscntially of providing a pump at a
treatment location within a blood vessel of a patient, the pump including a pump housing
disposed in a sheath, an impeller disposed in the pump housing, and a plurality of elongate
struts extending distally (rom the pump housing in a collapsed conliguration; providing
relative motion between the sheath and the pump to remove the pump from the sheath, the
plurality of elongate struts radially self-expanding to an expanded configuration in which at
least one contact pad at an end of at least one strut of the plurality of elongate struts at least
intermittently makes contact with a vessel wall of the blood vessel to maintain spacing of the
pump from the vessel wall, the at least one contact pad applying sufficient force to the vessel
wall of the blood vessel to depress a portion of the contact pad into the vessel wall such that a
surrounding portion of the vessel wall is radially inward from the contact pad; and rotating
the impeller to pump blood. In some embodiments, the method includes percutaneously
delivering the sheath to the treatment location, and, subsequently, delivering the pump to the

treatment location. In some embodiments, the method includes removing the pump from the

-10-
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patient. In some embodiments, the method includes conveying electrical current to a motor
by way of a tether comprising a conductor, the motor operatively coupled with the impeller
and the tether coupled to the pump.

[0027] In another embodiment, a method of manufacturing a blood flow assist
system is disclosed. The method can include or consist essentially of providing an impeller
in a pump housing of a pump, the pump disposed along a longitudinal axis, the impeller
generating a thrust force when operating in a blood vessel to pump blood; coupling a tether
with a first end of the pump; and coupling a support structure to a second end of the pump,
the support structure comprising convex contact pads configured to at least intermittently
contact a blood vessel wall to maintain spacing of the pump housing from a blood vessel wall
in which the pump housing is disposed. In some embodiments, the method includes
providing thc motor in a motor housing of the pump, thc motor housing disposed distal the
pump housing. In some embodiments, the support structure comprises a plurality of elongate
struts having a first end coupled with the second end of the pump and a second end opposite
the first end, each elongate strut of the plurality of struts having a slender body and
extending between the first end and the second end, each strut of the plurality of clongate
struts being configured to store strain energy when a transverse load is applied to the second
cnds of the struts of the plurality of clongate struts. In somec cmbodiments, the mcthod
includes patterning the plurality of eclongate struts. In some embodiments, patterning
comprises laser cutting the plurality of elongate struts from a sheet of material.

[0028] In another embodiment, a method of operating a blood [low assist system
is disclosed. The method can include or consist essentially of providing a pump at a
treatment location within a blood vessel of a patient, the pump including a pump housing
disposed in a sheath, an impeller disposed in the pump housing, and a tether extending
proximally from the pump housing to outside the patient, the tether configured to oppose
loads applied in opposite directions at opposite ends thereof; providing relative motion
between the sheath and the pump to remove the pump from the sheath; rotating the impeller
to pump blood and to generate a thrust force, wherein a longitudinal component of the thrust
force generated by the impeller directed along a longitudinal axis of the pump is opposed by
the tether, the tether configured to maintain a position of the pump within the blood vessel

without requiring contact between the pump and a blood vessel wall of the blood vessel. In
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some embodiments, the pump includes a plurality of elongate struts extending distally from

the pump housing in a collapsed configuration, each elongate strut of the plurality of struts

including a convex contact pad at a distal end thereof, wherein providing relative motion

comprises causing the plurality of elongate struts to radially self-expand to an expanded

configuration in which at least one convex contact pad makes at least intermittent contact

with a vessel wall of the blood vessel to maintain spacing of the pump from the vessel wall.
BRIEF DESCRIPTION OF THE DRAWINGS

[0029] These and other features, aspects and advantages are described below with
reference to the drawings, which are intended for illustrative purposes and should in no way
be interpreted as limiting the scope of the embodiments. Furthermore, various features of
different disclosed embodiments can be combined to form additional embodiments, which
arc part of this disclosurc. In the drawings, like reference characters denote corresponding
features consistently throughout similar embodiments. The following is a brief description of
each of the drawings.

[0030] [IG. 1A is a schematic perspective, partially-exploded view of a blood
flow assist system, according to various embodiments.

[0031] FIG. 1B is a schematic perspective view of a pump at a distal portion of
the blood flow assist system of FIG. 1A.

[0032] FIG. 1C is a schematic perspective, partially-exploded view of the pump
of FIG. 1B.

[0033] FIG. 1D is a schematic side sectional view ol a motor housing according
to various embodiments.

[0034] FIG. 1E is a schematic perspective view of a motor and a motor mount
support.

[0035] FIG. 1F is a schematic perspective view of a distal end of a power lead
having lumens shaped to received conductors that are configured to supply power to the
motor.

[0036] FIG. 1G is a schematic perspective view of a proximal end portion of the
power lead.

[0037] FIG. 1H is a schematic side view of the pump disposed in a collapsed

configuration in a delivery sheath.
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[0038] FIG. 1I is a schematic perspective view of a retrieval feature used to
remove the pump, according to some embodiments.

[0039] FIG. 1J is a cross-sectional view of an alternative embodiment in which a
drive shaft is coupled to a motor configured to be disposed outside the patient when the pump
is in use.

[0040] FIG. 2A is an image showing a front perspective view of a localization
system, according to one embodiment.

[0041] FIG. 2B is a schematic side view of the localization system of FIG. 2A.

[0042] FIG. 2C is a schematic plan view of a laser cut pattern for the localization
system of FIG. 2B.

[0043] FIG. 2D is a schematic side plan view of a strut having a dome- or
spherical-shaped contact pad.

[0044] FIG. 2E is a schematic perspective view of a contact pad that pillows into

a blood vessel wall, according to some embodiments.

[0045] [IG. 2T is a schematic front sectional view of the contact pad shown in
FIG. 2E.

[0046] FIG. 2G is a schematic side sectional view of the contact pad shown in
FIG. 2E.

[0047] FIG. 3A is an image of a front perspective of a localization system

according to another embodiment.

[0048] FIG. 3B is an image of a side view of the localization system ol FIG. 3A.

[0049] FIG. 3C is a schematic side view of the localization system of FIGS. 3A-
3B.

[0050] FIG. 3D is a schematic enlarged view of the second end of the strut of
FIGS. 3A-3C.

[0051] FIGS. 3E and 3F are schematic plan views of the localization system in a
laser cut pattern prior to assembly.

[0052] FIG. 3G illustrates a plan view of a distal end of the strut of FIG. 3D.

[0053] FIGS. 4A-4E show a method of delivering and deploying a localization
and positioning system that incorporates struts with contact pads, a tether, and propulsive

force.
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[0054] FIG. 5A is a schematic perspective view of a localization system in a
collapsed configuration, according to another embodiment.

[0055] FIG. 5B is a schematic plan view of a laser cut design for the system of

FIG. 5A.
[0056] FIG. 6 is a schematic side view of a plurality of struts according to various
embodiments.
DETAILED DESCRIPTION
[0057] Refer now to the drawings wherein depicted elements are not necessarily

shown to scale and wherein like or similar elements are designated by the same reference
numeral through the several views.

[0058] Referring to the drawings in general, it will be understood that the
illustrations arc for thc purposc of describing particular implementations of the disclosurc
and are not intended to be limiting thereto. While most of the terms used herein will be
recognizable to those of ordinary skill in the art, it should be understood that when not
explicitly defined, terms should be interpreted as adopting a meaning presently accepted by
those of ordinary skill in the art.

I. OVERVIEW OF BLOOD FLOW ASSIST SYSTEMS

[0059] Various embodiments disclosed herein relate to a blood flow assist system
1 configured to provide circulatory support to a paticnt, as illustrated in FIGS. 1A-11. The
system 1 can be sized for intravascular dclivery to a trecatment location within the circulatory
system of the patient, e.g., to a location within the descending aorta of the patient. As shown
in FIG. 1A, the system 1 can have a proximal end 21 with a connector 23 configured to
connect to an external control system, e.g., a console (not shown). The connector 23 can
provide electrical communication between the control system and a power lead 20 extending
distally along a longitudinal axis L from the connector 23 and the proximal end 21. The
power lead 20 can comprise an elongate body that electrically and mechanically connects to a
pump 2 at or near a distal end 22 of the blood flow assist system 1, with the distal end 22
spaced apart from the proximal end 21 along the longitudinal axis L. As explained herein,
the power lead 20 can also serve as a flexible tether confligured to oppose loads applied in

opposite directions at opposite ends of the power lead 20.
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[0060] The pump 2 can comprise a pump head 50 including a pump housing 35
connected to a drive unit 9 that includes a motor housing 29. A retrieval feature 48 can be
provided at a proximal end portion of the pump 2. In some embodiments, the retrieval
feature can be coupled with the distal end of the power lead 20 between the power lead 20
and the motor housing 29. After a procedure, the clinician can remove the pump 2 from the
patient by engaging a tool (e.g., a snare, a clamp, hook, etc.) with the retrieval feature 48 to
pull the pump 2 from the patient. For example, the retrieval feature 48 can comprise a neck
49 (e.g., a reduced diameter section) at a proximal curved portion 5S1c of the motor housing
29 and an enlarged diameter section disposed proximal the neck 49. The enlarged diameter
section can comprise a first curved portion S1a and a second curved portion 51b, as shown in
FIGS. 1B, 1C, and 1I. The first and second curved portions Sla, 51b can comprise convex
surfaccs, e.g., convex ball portions. The first and sccond curved portions Sla, 51b can have
different radii of curvature. For example, as shown in FIG. 11, the first curved portion S1a
can have a larger radius of curvature than the second curved portion 51b. The first curved
portion 5la can be disposed on opposing sides of the retrieval feature 48 in some
embodiments. The second curved portion 51b can be disposed around the first curved
portion 51a and can have a radially-outward facing surface and a proximally-facing convex
surface coupled to the distal end of the power lead 20. The neck 49 can have a first depth at
a first circumferential position of the retrieval feature 48 and a second depth less than the first
depth at a second circumferential position of the retrieval feature 48 spaced apart from the
first circumferential position.

[0061] Beneficially, as shown in FIG. 11, one or more first planes P1 extending
parallel to the longitudinal axis L and intersecting the first curved portion 51a can have a first
angle or taper between the proximal curved portion 51c¢ of the motor housing 29 and the first
curved portion 51a. One or more second planes P2 extending parallel to the longitudinal axis
L and intersecting the second curved portion 51b can have a second angle or taper (which is
different from the first angle or taper) between the proximal curved portion 51c of the motor
housing 29 and the second curved portion 51b. The first angle or taper can provide a
gradual, continuous (generally monotonically decreasing) geometric transition between the
proximal curved portion 51c¢ of the motor housing 29 and the power lead 20, which can

provide for smooth blood flow and reduce the risk of thrombosis. The second curved portion

-15-

CA 03160964 2022-6-6



WO 2021/119413 PCT/US2020/064489

51b can serve as a lobe that extends radially outward, e.g., radially farther out than the first
curved portion 51a. The second curved portion 51b can be used to engage with a retrieval
device or snare to remove the pump 2 from the anatomy. Some cross sections through the
longitudinal axis of the retrieval feature 48 can contain a substantial neck (e.g., a local
minimum in the radius of curvature measured along its central axis) while other cross
sections through the longitudinal axis of the retrieval feature 48 can contain an insubstantial
local minimum or no local minimum. In the illustrated embodiment, there are two first
curved portions 51a that can serve as a dual lobe retrieval feature. In other embodiments,
more or fewer lobes can be provided to enable pump retrieval while ensuring smooth flow
transitions between the motor housing 29 and power lead 20.

[0062] As shown in FIGS. 1B-1C, 1E, and 1I, the neck 49 can be disposed
between the curved portions 51a, 51b and a proximally-facing convex surface 5S1c of the
motor housing 29. In the illustrated embodiment, the retrieval feature 48 can be coupled to
or integrally formed with the motor housing 29. In other arrangements, the retrieval feature
48 can be disposed at other locations of the pump 2. As shown, the retrieval feature 48 can
be symmetrical and continuously disposed about the longitudinal axis L. In other
arrangements, the retrieval feature 48 can comprise a plurality of discrete surfaces spaced
apart circumferentially and/or longitudinally. In the illustrated cmbodiments, the motor
housing 29 (and motor) can be part of the pump 2 and disposed inside the vasculature of the
patient in use. In other embodiments, however, the motor housing 29 (and motor) can be
disposed outside the patient and a drive cable can connect to the impeller 6.

[0063] As shown in FIGS. 1A-1C, the drive unit 9 can be configured to impart
rotation to an impeller assembly 4 disposed in the pump housing 35 of the pump head 50. As
explained herein, the drive unit 9 can include a drive magnet 17 (see FIG. 1D) and a motor
30 (see FIGS. 1D-1E) disposed in the motor housing 29 capped by a distal drive unit cover
11. The motor 30 is shown schematically in FIG. 1D. The drive unit cover 11 can be formed
with or coupled to a drive bearing 18. The drive magnet 17 can magnetically couple with a
corresponding driven or rotor magnet (not shown) of the impeller assembly 4 that is disposed
proximal the impeller 6 within the shroud 16. The power lead 20 can extend from the
treatment location to outside the body of the patient, and can provide electrical power (e.g.,

electrical current) and/or control to the motor 30. Accordingly, no spinning drive shaft

-16-

CA 03160964 2022-6-6



WO 2021/119413 PCT/US2020/064489

extends outside the body of the patient in some embodiments. As explained herein, the
power lead 20 can energize the motor 30, which can cause the drive magnet 17 to rotate
about the longitudinal axis L, which can serve as or be aligned with or correspond to an axis
of rotation. Rotation of the drive magnet 17 can impart rotation of the rotor magnet and a
primary or first impeller 6 of the impeller assembly 4 about the longitudinal axis L. For
example, as explained herein, the rotor magnet (which can be mechanically secure to an
impeller shaft 5) can cause the impeller shaft 5 (which can serve as a flow tube) and the first
impeller 6 to rotate to pump blood. In other embodiments, the drive unit 9 can comprise a
stator or other stationary magnetic device. The stator or other magnetic device can be
energized, e.g., with alternating current, to impart rotation to the rotor magnet. In the
illustrated embodiments, the impeller 6 can have one or a plurality of blades 40 extending
radially outward along a radial axis R that is radially transversc to thc longitudinal axis L.
For example, the first impeller 6 can have a plurality of (e.g., two) longitudinally-aligned
blades 40 that extend radially outwardly from a common hub and that have a common length
along the longitudinal axis L. The curvature and/or overall profile can be selected so as to
improve flow rate and reduce shear stresses. Skilled artisans would appreciate that other
designs for the first impeller 5 may be suitable.

[0064] As shown in FIGS. 1A-1C, the impeller assembly 4 can be disposcd in a
shroud 16. The impeller shaft 5 can be supported at a distal end by a sleeve bearing 15
connected to a distal portion of the shroud 16. A support structure such as a localization
system 100 (discussed [urther below) can comprise a base portion 36 coupled with the sleeve
bearing 15 and/or the shroud 16. In some embodiments, the base portion 36, the sleeve
bearing 15, and/or the shroud 16 can be welded together. In other embodiments, the sleeve
bearing 15 and/or the shroud 16 can be formed as one part. The base portion 36 of the
support structure or localization system 100 (which can be part of or serve as a support
structure), the sleeve bearing 15, and the shroud 16 can cooperate to at least partially define
the pump housing 35, as shown in FIGS. 1A and 1C. The localization system 100 can
comprise a plurality of self-expanding struts 19 having convex contact pads 24 configured to
contact a blood vessel wall to maintain spacing of the pump housing 35 from the wall of the
blood vessel in which the pump housing 35 is disposed. In FIGS. 1A-1C, the struts 19 of the

localization system 100 are illustrated in an expanded, deployed configuration, in which the
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contact pads 24 extend radially outward to a position in which the contact pads 24 would
contact a wall of a blood vessel within which the pump 2 is disposed to at least partially
control position and/or orientation of the pump head 50 relative to the blood vessel wall, e.g.,
to anchor, the pump 2 during operation of the system 1.

[0065] A first fluid port 27 can be provided distal the impeller assembly 4 at a
distal end of the pump housing 35. The shroud 16 can comprise a proximal ring 26 coupled
with the motor housing 29 and a plurality of second fluid ports 25 formed in a proximal
portion of the shroud 16 adjacent (e.g., immediately distal) the proximal ring 26. As shown
in FIG. IC, the second fluid ports 25 can comprise openings formed between axially-
extending members 60 (also referred to as pillars) that extend along the longitudinal axis L
(which may also serve as a longitudinal axis of the pump head 2 and/or pump housing 35)
between the proximal ring 26 and a cylindrical scction 59 of the shroud 16. In somc
embodiments, the axially-extending members 60 can be shaped or otherwise be configured to
serve as vanes that can shape or direct the flow of blood through the second fluid ports 25.
For example, in various embodiments, the axially-extending members 60 can be angled,
tapered, or curved (e.g., in a helical pattern) to match the profile of the impeller blades 40
and/or to accelerate blood flow through the pump 2. In other embodiments, the axially-
extending members 60 may not be angled to match the blades 40. In somc ecmbodiments, the
first fluid port 27 can comprise an inlet port into which blood flows. In such embodiments,
the impeller assembly 4 can draw blood into the first fluid port 27 and can expel the blood
out of the pump 2 through the second [luid ports 25, which can serve as outlet ports. In other
embodiments, however, the direction of blood flow may be reversed, in which case the
second fluid ports 25 may serve as fluid inlets and the first fluid port 27 may serve as a fluid
outlet.

[0066] As shown in FIGS. 1A-1D, the system 1 comprises the drive unit 9 with
the motor 30 that can be sealed in the motor housing 29. The drive magnet 17 can be
rotatable by the motor 30 by way of a motor shaft 51. The motor 30 can electrically connect
to the power lead 20. The power lead 20 can serve as a flexible tether that comprises an
elongate tension member configured to oppose loads applied in opposite directs at opposite
ends of the power lead 20. In one embodiment the power lead 20 is hollow, as discussed

further below. As shown in FIGS. 1D and 1F, the power lead 20 can comprise an insulating
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body having a central lumen 55 and a plurality of (e.g., three) outer lumens 56A-56C
extending along a length of the power lead 20. One or more electrical conductors can be
disposed in the hollow elongate power lead 20 and can be configured to convey current to the
motor 30 from a source, such as the external control system. For example, in some
embodiments, the outer lumens 56A-56C can be sized and shaped to receive corresponding
electrodes or electrical wires (not shown) to provide electrical power to the motor 30. For
example, the lumens 56A-56C can receive, wires configured to supply ground and drive
voltage to corresponding windings on the motor. The electrodes can extend through
corresponding openings 57A-57C of a motor mounting support 54 configured to support the
motor 30. The central lumen 55 can be sized and shaped to receive an elongate stiffening
member or guidewire (not shown). The stiffening member or guidewire can be inserted
through an opcning 65 at the proximal cnd 21 (sce FIG. 1G) into the central lumen 55 during
delivery to help guide the pump 2 to the treatment location or maintain the pump 2 in a given
location. The stiffening member or guidewire can be easily inserted and removed when
finished. As shown in [IG. 1G, the connector 23 near the proximal end 21 of the system 1
can have electrical contacts 58A-58C clectrically connected to the wires or conductors in the
corresponding outer lumens 56A-56C. The contacts 58A-58C can comprise rings spaced
apart by an insulating matcrial and can bc configurcd to clectrically connect to corresponding
electrical components in the control system or console (not shown).

[0067] Beneficially, the blood flow assist system 1 can be delivered
percutaneously o a (reatment location in the patient. FIG. 1H shows the pump 2 disposed
within an elongate sheath 28. As shown, the struts 19 are held in a collapsed configuration
by the inner wall of the sheath 28. As discussed further below, the struts 19 can be
configured to collapse in a controlled manner, e.g., with at least a portion deflected away
from inner wall of the sheath 28 when disposed in the sheath. As shown, the struts 19 can
comprise knees 102, which can serve to space distal ends of the struts 19 (e.g., at or near the
contact pads 24 or hooks) from the inner wall of the sheath 28, such that there is a space 46
between the contact pads 24 or hooks and the inner wall of the sheath 28 in the collapsed
configuration within the sheath 28.

[0068] The knees 102 can be of the same configuration for each of the struts 19 in

one embodiment. In such an embodiment, the struts 19 may all collapse or fold in the same
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manner within the sheath 28. In another embodiment the knee 102 of one or more struts 19
can be differentiated from the knee 102 of one or more other struts 19 such that the struts are
collapsed or folded in different manners. As explained herein, in various embodiments, the
struts can be longitudinally-aligned or longitudinally-offset or staggered. For example, a pair
of opposing struts 19 (e.g., disposed radially opposite one another) can have knees 102 that
cause the opposing strut of the pair to collapse prior to the collapsing of other struts 19 of the
pump 2. In one example, the pump 2 has four struts 19. Two opposing struts 19 are
configured to bend at the knees 102 prior to the bending of the knees of the other struts 19.
As such, the two opposing struts 19 can be collapsed to a position between the other two
struts to provide a compact arrangement. The knees 102 can be configured such that some
struts undergo a greater degree of bending or collapsing. Thus the space 46 between the
contact pads 26 and the inner wall of the sheath 28 can be two to six (and in some cascs threc
to four) times greater for one or more, €.g., a pair of, struts than for one or more, €.g., another
pair of struts 19, which can be provided to avoid tangling of the struts. Accordingly, in
various embodiments, some struts may be structured to collapse first when engaged with the
sheath 28, and the remaining struts can collapse as the sheath 28 induces the collapsing of the
initial struts.

[0069] In some embodiments, onc or more struts compriscs knees 102 that can
control the order of collapsing of the struts. For example one or more struts can have a knee
102 positioned more proximally compared to the position of the knees 102 of one or more
other struts. In one example, two opposing struts 19 can have knees 102 disposed more
proximally than are the knees 102 of another strut 19. In one example, a first set of opposing
struts 19 have knees 102 disposed more proximally than a second set of struts 19 disposed
approximately 90 degrees offset from the first set of struts 19. This can allow the first set of
struts to be more completely folded by distal advancement of the sheath 28 before a more
complete folding of the second set of struts 19. In a further variation, knees 102 can be
longitudinally spaced apart on adjacent struts 19 so that adjacent struts fold at different times
or rates. The illustrated embodiments includes the knees 102, but in other embodiments, no
knees may be provided. For example, the struts 19 can be retracted at different rates by
hinges and/or by modifying material thickness or properties in or along the length of one or

more struts 19 to control the timing or rate of folding upon advancing the sheath 28. A living
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hinge structure can be formed along the length of one or more struts 19 to control timing,
rate, and/or sequence of retraction of the struts 19. In one example, an area of reduced
thickness transverse to the length of a strut 19 causes the strut to fold or bend when a sheath
is advanced across the reduced thickness area. By offsetting the longitudinal position of
reduced thickness areas in the struts 19, the sequence of retraction can be controlled.

[0070] In the collapsed configuration, the struts 19 can be compressed to a
diameter or major lateral dimension at one or more locations that is approximately the same
as (or slightly smaller than) the diameter of the shroud 16. Thus, as shown in the collapsed
configuration of FIG. 1H, at least a portion of the struts 19 are compressed to a diameter or
major lateral dimension that is smaller than the major lateral dimension or diameter of the
pump housing 35, shroud 16 and/or the drive unit 9. In some embodiments, at least a portion
of the struts has a major latcral dimension that is no morc than a major latcral dimension of
the pump housing 35. In some embodiments, at least a portion of the struts has a major
lateral dimension that is less than a major lateral dimension of the pump housing 35 and/or
the motor housing 29. The patient can be prepared for the procedure in a catheterization lab
in a standard fashion, and the femoral artery can be accessed percutancously or by a surgical
approach. The sheath 28 (or a dilator structure within the sheath 28) can be passed over a
guidcwire and placcd into the treatment location, for example, in the descending aorta. After
the sheath 28 is placed (and the dilator removed), the pump 2 can be advanced into the sheath
28, with the pump 2 disposed in the mid-thoracic aorta, approximately 4 cm below the take-
ofl of the left subclavian artery. In other embodiments, the pump 2 and sheath 28 can be
advanced together to the treatment location. Positioning the pump 2 at this location can
beneficially enable sufficient cardiac support as well as increased perfusion of other organs
such as the kidneys. Once at the treatment location, relative motion can be provided between
the sheath 28 and the pump 2 (e.g., the sheath 28 can be retracted relative to the pump 2, or
the pump 2 can be advanced out of the sheath 28). The struts 19 of the localization system
can self-expand radially outwardly along the radial axis R due to stored strain energy into the
deployed and expanded configuration shown in FIGS. 1A-1C. In some embodiments, such
as those in which the vasculature is accessed by the femoral artery, the struts 19 can extend
distally, e.g., distally beyond a distal end of the shroud 16 and/or the impeller 6. In other

embodiments, as explained herein, the pump 2 can be delivered percutaneously through a
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subclavian artery. In such embodiments, the struts 19 may extend proximally, e.g., proximal
the pump housing 35 and/or the motor housing 29. In still other embodiments, multiple
pluralities of struts may extend proximally and distally relative to the pump 2. The convex
contact pads 24 can engage the blood vessel wall to stabilize (e.g., assist in anchoring) the
pump 2 in the patient’s vascular system. Once at the treatment location, the clinician can
engage the control system to activate the motor 30 to rotate the impeller assembly 4 to pump
blood.

[0071] Thus, in some embodiments, the pump 2 can be inserted into the femoral
artery and advanced to the desired treatment location in the descending aorta. In such
arrangements, the pump 2 can be positioned such that the distal end 22 is upstream of the
impeller 6, e.g., such that the distally-located first fluid port 27 is upstream of the second
fluid port(s) 25. In cmbodiments that access thc trcatment location surgically or
percutaneously via the femoral artery, for example, the first fluid port 27 can serve as the
inlet to the pump 2, and the second ports 25 can serve as the outlet(s) of the pump 2. The
struts 19 can extend distally beyond a distal end of the pump housing 35. In other
embodiments, however, the pump 2 can be inserted percutancously through the left
subclavian artery and advanced to the desired treatment location in the descending aorta. In
such arrangements, the pump 2 can be positioned such that the distal end 22 of the system 1
is downstream of the impeller 06, e.g.. such that the distally-located first fluid port 27 is
downstream of the second fluid port(s) 25. In embodiments that access the treatment
location through the left subclavian artery, the second [luid port(s) 25 can serve as the inlet(s)
to the pump 2, and the first port 27 can serve as the outlet of the pump 2.

[0072] When the treatment procedure is complete, the pump 2 can be removed
from the patient. For example, in some embodiments, the pump can be withdrawn
proximally (and/or the sheath 28 can be advanced distally) such that a distal edge of the
sheath 28 engages with a radially-outer facing surface 43 of the struts 19. In some
embodiments, the distal edge of the sheath 28 can engage with the knees 102 of the struts
(see, e.g., FIGS. 2A-3C). The distal edge of the sheath 28 can impart radially-inward forces
to the radially-outer facing surface 43 (e.g., at approximately the location of the knees 102) to
cause the struts 19 to collapse and be drawn inside the sheath 28. Relative motion opposite

to that used for deploying the pump 2 can be provided between the sheath 28 and the pump 2
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(e.g., between the sheath 28 and the impeller assembly 4 and pump housing 35) to collapse
the struts 19 into the sheath 28 in the collapsed configuration. In some embodiments, the
pump 2 can be withdrawn from the sheath 28 with the sheath 28 in the patient’s body, and
the sheath 28 can be subsequently used for another procedure or removed. In other
embodiments, the sheath 28 and the pump 2 can be removed together from the patient’s
body.

[0073] The foregoing description includes embodiments in which a proximal end
of a drive shaft 51 is located in the drive unit 9. The proximal end of the drive shaft 51 and
the motor 30 are disposed within the body in use. FIG. 1J shows another embodiment in
which a motor 30A is disposed outside the body in use. An elongate, flexible shaft 51° is
coupled at a distal end with the drive magnet 17. The shaft 51° extends through an elongate
body 20’ and is or can bc coupled at a proximal cnd therecof with a motor 30A. The motor
30A can be larger than the motor 30 since it need not be disposed within the profile of the
sheath 28. The elongate body 20’ may have one or more lumens. The shaft 51° may extend
through the central lumen 55. One or more outer lumens 56a may be provided to flow a fluid
into the system to lubricate and/or cool the shaft 51°. Rotation of the proximal end of the
shaft 51° by the motor 30a results in rotation of the entire length of the shaft 51° through the
clongatc body 20’ and also results in rotation of the drive magnet 17. Rotation of the drive
magnet 17 causes rotation of one or more magnets in the impeller 6 to create flow through
the pump 2 by virtue of magnetic attraction of these magnets across the distal drive unit
cover. In other embodiments, the shafl 51 can be directly mechanically coupled to the
impeller 6 such that rotation does not depend on magnetic coupling. One or more shaft
rotation supports 54 A can be provided within a distal housing 29A to support a distal portion
of the shaft 51°. The elongate body 20’ and/or the shaft 51° can comprise a tether to control
or to aid in control of the position of the pump, e.g., to counter thrust forces of the impeller 6
to reduce or minimize movement of the pump 2 in operation.

[0074] Additional details of the pump 2 and related components shown in FIGS.
1A-1H may be found throughout International Patent Application No. PCT/US2020/062928,
filed on December 2, 2020, the entire contents of which are incorporated by reference herein

in their entirety and for all purposes.
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II. STRUTS
[0075] As explained herein, the support structure or localization system 100 can

comprise a plurality of struts 19. The struts 19 can have a first fixed end 38 at the base
portion 36 that is coupled to or formed with the shroud 16, and a sccond free end 39 opposite
the first cnd 38. The struts 19 can comprisc projections cxlending [rom a housing (e.g., the
pump housing 35) of a device, such as an intravascular device, extending radially and distally
outwardly to make constant or intermittent contact with a vessel wall 37 (see FIGS. 4A-4B)
of a vasculature system of a patient. As explained above, in other embodiments, the struts 19
may extend proximally relative to the pump housing 35 and/or the motor housing 29. As
shown in, e.g., FIGS. 1A-1C, the struts 19 can extend distal the first fluid port 27 and the
impeller 6 along the longitudinal axis £. In embodiments in which the vasculature is
accessed through the femoral artery, the struts 19 can extend distally and upstream of the first
fluid port 27 and the impeller 6. In embodiments in which the vasculature is accessed
through the subclavian artery, the struts 19 can extend downstrcam ol the (luid port 27. The
struts 19 can extend to and at least partially define a distal-most end of the blood [low assist
system 1. In some embodiments, no portion of the blood flow assist system 1 is disposed
distal the distal end of the struts 19. In some embodiments, the struts 19 may be made of a
flexible shape set metal or alloy like nitinol. A support structure 100 including a plurality of
struts 19 may be used to provide localization of an intravascular device such as the pump 2.
Using a plurality of struts 19 allows each of the struts 19, by acting in opposition to each
other, o transmilt a radial [orce Lo the region of the strut 19 in contact with the vessel wall 37.
A plurality of struts 19 may also be effective in positioning an intravascular device (such as
the pump 2) or part of an intravascular device relative to the vessel wall 37. For example, a
plurality of struts 19 surrounding the first fluid port 27 (e.g., an inlet port in some
embodiments) of the intravascular pump 2 effectively positions the inlet port 27 of the pump
2 at approximately the center of the blood vessel 37. Struts 19 for localizing and positioning
intravascular devices may have a collapsed configuration for moving through the sheath 28
{(see FIG. 1H) for deployment or retrieval and an expanded configuration for providing
localization and positioning.

[0076] FIG. 2A is an image showing a front perspective view of the localization

system 100A. according to one embodiment. FIG. 2B is a schematic side view of the
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localization system 100A of FIG. 2A. FIG. 2C is a schematic plan view of a laser cut pattern
for the localization system 100A. FIG. 2D is a schematic side plan view of a strut 19A
having a dome- or spherical-shaped contact pad 24A. Unless otherwise noted, the
components of FIGS. 2A-2D may be the same as or generally similar to like-numbered
components of FIGS. 1A-1H, with some reference numbers appended by the letter “A.” As
shown in, for example, FIGS. 2A-2D, each strut 19A can comprise an elongate slender body
that extends between the first end 38 and the second end 39. Each strut 19A can comprise a
material (e.g., a shape memory alloy) that is configured to store strain energy when a
transverse compressive load is applied, e.g., compressively along the radial axis R. The
stored strain energy can be employed to maintain localization and/or positioning relative to
the vessel wall 37, as explained herein. For example, the stored strain energy can be result in
radially outward forces being applicd against the vesscl wall 37. The radially outward forces
can at least in part serve to localize, stabilize, and/or position the pump 2 relative to the
vessel wall 37.

[0077] In some embodiments, a portion of the strut 19A that makes contact with
the vessel wall 37 may have a desired shape that aids localization and/or positioning. In some
embodiments, a portion of a strut 19A, such as its second end 39, may comprise a contact
clement 104 configured to be shaped as a gencrally flat contact pad 24A. In the illustrated
embodiment, the contact pad 24A is shown as being generally circular or domed. Other
shaped ends may be suitable, such as an oval end or the like. In some embodiments, shapes
for the contlact pad 24 that avoid sharp corners and/or edges may be preferred. When
deployed, the contact pad 24A can be pressed against the wall 37 of the vessel with a radial
force transmitted by the strut 19A. As the pad 24A presses against the vessel wall 37, the
vessel wall 37 may “pillow” up around the edges of the pad 24A or the pad may form a
depression in which it sits. The elongate struts can be configured to apply a load to the
vessel wall 37 (e.g., an aortic wall) when deployed to locally radially expand vessel wall
tissue against which the contact pad 24 A is apposed. For example, the contact pad 24 can be
resiliently deflectable toward and away from the longitudinal axis L of the pump housing 35.
The contact pad 24 can have a free state being spaced away from the longitudinal axis L of
the pump housing 35 by a distance greater than a half-width of a blood vessel 37 into which

the pump housing 35 is to be deployed.
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[0078] The contact pad 24 can apply sufficient force to a wall of the blood vessel
37 to depress or pillow a portion of the contact pad 24 into the wall. The contact pad 24 can
be configured to engage without hooking the wall of the blood vessel 37 when applied. In
some arrangements, the struts 19A can flex with vessel wall movement (e.g., with vessel wall
expansion and contraction) such that the struts 19A can maintain contact with the vessel 37
even when the vessel 37 expands or contracts. This pillowing may enhance the ability of the
strut 19A and pad 24 A to localize the intravascular device (e.g., pump 2) by resisting sliding
motion of the pad 24A. The amount that the pad 24A presses into the vessel wall 37 (and
therefore the amount of pillowing) may be controlled by adjusting the radial force the strut
19A transmits to the contact pad 24A. The pad 24A may have holes or irregular edges to
enhance the pillowing effect.

[0079] As shown in FIGS. 2E-2G , struts 19A° may include contact pads 24B
having *‘slide runner” edges 66 that flare or bevel away from the vessel wall 37 so that sharp
edges are not pressed into the vessel wall 37. As shown in FIGS. 2E-2G, the contact pads
2418 can include a contact surface 67 that engages and depresses into the vessel wall 37, such
that a surrounding portion of the wall 37 extends radially inward relative to at least a portion
(e.g., the contact surface 67) of the contact pad 24B that engages the wall 37. The profile of
the pad 24B in FIGS. 2E-2G including the edge 66, the contact surface 67, and the clongate
member of the strut 19A can define a convex profile or shape. In the illustrated arrangement,
the contact surface 67 can comprise a generally planar or flat shape, and the edge 66 can
extend at an obtuse angle relative to the contlact surface 67. In some embodiments, the
contact surface 67 can comprise a curved surface, such as a convex spherical or domed
surface. Such designs reduce or minimize the potential for traumatic injury to the vessel wall
37, are non-endothelializing, and may aid removal without damaging the vessel. With
sufficient radial force and pillowing, such designs may provide stable localization of the strut
contact pad 24 A.

[0080] As shown in FIGS. 2A-2B, the struts 19A can comprise knees 102 that can
serve to keep the strut 19A away from the inner wall of the sheath 28 when the plurality of
struts 19A is collapsed within the sheath 28, as shown above in FIG. 1H. The sheath 28 can
comprise an inflection in which the curvature of the radially-outward facing surface of the

strut 19A changes. As shown in FIG. 2B, for example, the struts 19A can comprise a
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plurality of segments 103a-103d that are integrally formed and connected with one another.
A first segment 103a can extend from the base portion 36A distally and radially outwardly by
an angle A relative to the longitudinal axis L. A second segment 103b can extend distally and
radially inwardly from the distal end of the first segment 103a by an angle B relative to the
longitudinal axis L. A third segment 103c can extend distally and radially outwardly from
the distal end of the second segment 103b by an angle C relative to the longitudinal axis L. A
fourth segment 103d can extend distally and radially inwardly from the distal end of the third
segment 103c by an angle D relative to the longitudinal axis L.

[0081] Thus, as shown in FIG. 2B, the struts 19A can have multiple changes in
curvature and/or angles along the lengths of the struts 19A. In various embodiments, the
angle A can be in a range of 30° to 70°, in a range of 40° to 60°, or in a range of 45° to 55°
relative to the longitudinal axis L. The angle B can be in a range of 10° to 30°, in a rangc of
15° to 25°, or in a range of 18° to 24° relative to the longitudinal axis L. The angle C can be
in a range of 20° to 60°, in a range of 30° to 50°, or in a range of 35° to 45° relative to the
longitudinal axis L. The angle D can be in a range of 20° to 45°, or in a range of 25° to 35°
relative to the longitudinal axis L. The base portion 36A can have a first height H1 in a range
of 0.1” to 0.3”. In the expanded configuration, the radial separation along the radial axis R
between the ends of the struts 19A can have a sccond height H2 in a range of 17 to 2, orin a
range of 1.2 to 1.6”.

[0082] Beneficially, the use of multiple angles and curvatures for the struts 19A
can enable the struts 19A (o provide sulficient localization and support for the pump 2.
Additionally or alternatively, the use of multiple angles and/or curvatures for the struts can
adequately space parts of the struts, for example the free ends of the struts 19A, from the
inner wall of the sheath 28. The spacing of the pads 24A from the inside wall of the sheath
28 can reduce friction and/or damage to the struts 19A and/or sheath 28 when the pump 2 is
moved within and/or into and out of the sheath 28. Further, as explained above, the flat
contact pads 24 A can beneficially provide an atraumatic interface between the struts 19A and
the vessel wall 37 that provides sufficient localization and/or positioning. The struts 19A can
be manufactured by laser cutting a shape memory alloy as shown in, e.g., the laser cut pattern
in a sheet of material of FIG. 2C. The shape memory alloy (e.g., nitinol) can be cut with a

laser or other device and shaped to form the struts 19A. The patterned material can be folded
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and/or rolled into a closed generally cylindrical profile. In other embodiments, the pattern
can be cut from an already-formed tube.

[0083] In some embodiments, such as that shown in FIG. 2D, the contact pad 24A
or distal portion of the strut 19A may include a spherical or domed-shaped profile 42 that
serves as the contact surface 67. As a nonlimiting example, the spherical profile 42 may be
formed as a ball of plastic or other material formed on the portion of the strut 19A to contact
the vessel wall 37. As shown in FIGS. 2B-2D, for example, the spherical profile 42 can be
disposed on a radially-outer surface 43 of the strut 19A that is configured to face and engage
with the vessel wall 37. A radially-inner wall 44 can be disposed radially opposite the
radially-outer surface 43. In FIG. 2C, the struts 19A can be circumferentially spaced apart
such that there is a respective gap 45 between adjacent side surfaces of adjacent struts 19A of
the plurality of struts 19A. A spherical contact fcaturc 24A can be benceficially atraumatic,
and may provide good pillowing and resistance to translation. As shown the contact pad 24A
can comprise a generally circular (or elliptical) pad in a profile view that has a diameter
greater than a width of an immediately adjacent expanse of the corresponding elongate strut
19A. The contact pad 24A can comprise an elongate member and an enlarged blood vessel
wall contact surface (e.g., surface 67 in FIGS. 2D-2G) disposed at the end of the elongate
member. In various cmbodiments, the contact pad 24A can comprisc a convex Cross-
sectional profile along the radially-outer surface 43 of the strut 19A that faces the vessel wall
37. For example, the contact pads 24A can comprise a convex profile in a cross-sectional
plane disposed (transverse to the longitudinal axis L of the pump housing 35. In some
embodiments, the contact pads 24A can comprise smooth surfaces free of sharp edges or
hooks. In some embodiments, each of the contact pads 24A can comprise one or more
scalloped edges to allow tissue of the vessel wall 37 to be received therein.

[0084] In some embodiments, the localization system 100A may have the goal of
resisting, but not eliminating, the translation or rotation of a device (such as the pump 2)
relative to the vessel wall 37. As a nonlimiting example, some strut 19A and/or contact pad
24A designs may allow some small degree of rotation of the device within the vessel, even
when deployed. However, such designs may also leverage other features discussed herein to
further increase resistance to rotation during operation of the device, such as increase

resistance resulting from propulsion.
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[0085] Alternatively, some embodiments of the contact pad may by designed to
increase resistance to translation and/or rotation relative to the vessel wall 37. FIG. 3A is an
image of a front perspective of a localization system 100B according to another embodiment.
FIG. 3B is an image of a side view of the localization system 100B of FIG. 3A. FIG. 3C is a
schematic side view of the localization system 100B of FIGS. 3A-3B. FIG. 3D is a
schematic enlarged view of the second end 39 of the strut 19B of FIGS. 3A-3C. FIGS. 3E
and 3F are schematic plan views of the localization system 100B in a laser cut pattern prior
to assembly. Unless otherwise noted, the components of FIGS. 3A-3F may be the same as or
generally similar to like-numbered components of FIGS. 1A-2C, with some reference
numbers appended by the letter “B.” In some embodiments, the contact element 104 (e.g.,
the portion of the strut 19B in contact with the wall 37 of the vessel) may comprise a hook
105 designed to penctrate the vessel wall 37 to provide a stable anchor point that has a high
level or resistance to translation and/or rotation. Designs with edges or hooks 105 in constant
contact with the vessel wall are typically intended to provide stable localization and/or
positioning so there is little or no motion of the hook 105 or edge relative to the initial
contact region of the vessel wall 37 when deployed.

[0086] As shown in FIG. 3C, the struts 19B can comprise a plurality of segments
106a-106d that arc intcgrally formed and connected with onc another. A first scgment 106a
can extend from the base portion 36B distally and radially outwardly by an angle E relative
to the longitudinal axis L. A second segment 106b can extend distally and radially inwardly
from the distal end of the [irst segment 106a so as (o at least partially define an inflection
point and/or knee 102 as explained above. A third segment 106c can extend distally and
radially outwardly from the distal end of the second segment 106b by an angle F relative to
the longitudinal axis L. A fourth segment 106d can extend back proximally from the distal
end of the third segment 106¢c by an angle G relative to the third segment 106¢c. The third
and fourth segments 106c¢, 106d can serve as the hook 105 and can secure the pump 2 to the
vessel wall 37. As shown in FIG. 3G, which is a plan view of the fourth segment 106d, the
fourth segment 106d of the strut 19B can include a split 106e having tines that can secure to a
vessel wall, in some embodiments. As shown, in some embodiments. a tine width #, can be

in a range of, e.g., 0.01" to 0.1”, or in a range of 0.01” to 0.05”.
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[0087] As shown in FIG. 3C, the struts 19B can have multiple changes in
curvature and/or angles along the lengths of the struts 19B. In various embodiments, the
angle E can be in a range of 30° to 70°, in a range of 40° to 60°, or in a range of 45° to 55°
relative to the longitudinal axis L. The angle F' can be in a range of 20° to 60°, in a range of
30° to 50°, or in a range of 35° to 45° relative to the longitudinal axis L. The angle G can be
in a range of 40° to 80°, in a range of 50° to 70°, or in a range of 55° to 65° relative to the
segment 106c, angled proximally as shown. The base portion 36B can have a first height H1
in a range of 0.1 to 0.3”. In the expanded configuration, the radial separation along the
radial axis R between the ends of the struts 19B can have a second height H2 in a range of 17
to 27, or in a range of 17 to 1.4”. Further, as shown in FIG. 3C, the knee 102 can have a
bump height A; that indicates the amount of the bulge or bump defined by the knee 102. The
bump hcight A, can be measurcd between an outwardly-facing crest of the knee 102 and a
projection of the third segment 106¢. In various embodiments, the bump height /5 can be in
a range of 0.03” to 0.09”, or in a range of 0.05” to 0.07” (e.g., about 0.054” in one
embodiment). In addition, the fourth segment 106d can serve as a tine of the hook 105 and
can have a tine length /; extending proximally from the third segment 106¢. The tine length
can be in a range of 0.03” to 0.09”, or in a range of 0.05” to 0.07” (e.g., about 0.058” in one
cmbodiment).

[0088] FIGS. 3E-3F show laser patterns for the system 100B of FIGS. 3A-3D.
As shown in FIGS. 3E-3F, in some embodiments, the struts 19B can be tapered across their
width from proximal to distal along their length, i.e., from right to left in FIGS. 3E-3F. Laser
cuts can be made non-normal to the longitudinal axis, which can create a helical or spiral
pattern in various arrangements.

[0089] FIG. 5A is a schematic perspective view of a localization system 100C
according to another embodiment. FIG. 5B is a schematic plan view of a laser cut design for
the system 100C of FIG. SA. Unless otherwise noted, the components of FIGS. SA-5B may
be the same as or generally similar to like-numbered components of FIGS. 1A-4E, with some
reference numbers appended by the letter “C.” In some embodiments, as shown in FIGS.
SA-5B. the plurality of struts 19C may differ in length. For example, as shown in FIGS. SA-
5B, the system 100C an include struts 19C arranged in a jester hat design. As shown,

adjacent struts 19C may have different lengths. In some embodiments, every other strut may
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be designed to have approximately the same length. For example, as shown in FIGS. 5A-5B,
first struts 19C” of the plurality of struts 19C may have a first length, and second struts 19C"’
of the plurality of struts 19C may have a second length 19C*" shorter than the first length.
The second struts 19C’" may each be disposed circumferentially between the first struts
19C’. Although not illustrated in FIGS. 5A-5B, the struts 19C can include contact pads 24 at
distal end portions thereof. In other embodiments, the struts 19C can include hooks 105 at
distal end portions thereof.

[0090] Without being limited by theory, the different lengths may enable the
system 100C to be supported against the vessel 37 at a plurality of longitudinal locations
along the length of the vessel 37, which can improve localization and positioning. For
example, in the expanded configuration of the struts 19C’, 19C”’, the first struts 19C’ can
cngage with the vessel wall 37 at a location distal the location at which the sccond struts
19C”" engages with the vessel wall 37, such that the first and second struts 19C°, 19C”’
engage with the vessel wall 37 at offset longitudinal positions. Engagement at offset
longitudinal positions of the vessel wall 37 can beneficially improve stabilization of the
pump 2 along multiple planes, and can also provide a resisting moment with multiple planes
of contact. Moreover, the differing lengths of the struts 19C°, 19C’’ can improve
collapsibility of the struts by allowing the sheath 28 to scparately cngage the struts 19C” and
19C’’. For example, due to the differing lengths (and/or curvature) of the struts 19C’, 19C”’,
the sheath 28 may first engage a first set of struts (e.g., struts 19C”’ in some embodiments) to
cause the [irst set of struts to begin collapsing. During or alter collapse of the [irst set of
struts, the sheath 28 may subsequently engage a second set of struts (e.g., struts 19C’ in some
embodiments) to cause the second set of struts to collapse. Dividing the collapse of the struts
19C’, 19C”’ into two or more stages can beneficially reduce the amount of force used to
collapse the respective struts 19C”, 19C"".

[0091] It should be appreciated that any of the support structures disclosed herein
can comprise struts having different lengths. For example, in some embodiments, the
plurality of struts (e.g., struts 19 or 19A) includes a first plurality of struts and a second
plurality of struts. When the plurality of struts are in an expanded configuration, first contact
elements (e.g., contact pads 24 or hooks 105) of the first plurality of struts can be configured

to engage with the blood vessel wall at a first longitudinal position and second contact
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elements (e.g., contact pads 24 or hooks 105) of the second plurality of struts can be
configured to engage with the blood vessel wall at a second longitudinal position that is
spaced from the first longitudinal position. In some embodiments, the struts in the first
plurality can have a different Iength from the struts in the second plurality. Additionally or
alternatively, the struts in the first plurality can have a different radius of curvature (or
departure angle) from the struts in the second plurality.

[0092] FIG. 6 is a schematic side view of a plurality of struts 19D according to
various embodiments. In some embodiments, as shown in FIG. 6, a first set of struts 19D’
may have an elongate portion with a first radius of curvature, and a second set of struts 19D”
may have an elongate portion with a second radius of curvature different than (e.g.. less than)
the first. In the arrangement of FIG. 6, the first struts 19D” have a steeper takeoff angle
relative to the longitudinal axis L as comparcd with the sccond struts 19D’’. An anglc
between a longitudinal axis of the pump 2 and of a portion of the second struts 19D’
adjacent to a base portion to which the struts are connected can be greater than a
corresponding angle for the first struts 19D’, as shown in I'IG. 6. The steeper takeoff angle
of the first struts 19D’ may cause the sheath 28 to engage with and initiate collapse of the
first struts 19D’ before engagement with the second struts 19D’’. As explained above,
staging, staggering or scquencing the collapsc of the struts 19D’, 19D’ can bencficially
reduce the force used to collapse the struts so as to improve operation of the pump 2.
Staging, staggering, or sequencing the collapse of the struts can modulate the force profile
over the length of motion of the sheath 28 over the struts 19 as felt from initial movement
prior to collapsing, to the initial collapsing adjacent to the base 36, to final and full collapsing
of the struts 19 by advancing the sheath adjacent to or beyond the distal ends of the struts.
Staging, staggering, or sequencing can reduce the maximum force required over the length of
motion of the sheath 28 over the struts 19. Moreover, the different curvature of the struts
19D’, 19D’ may also allow the distal ends of the struts 19D’, 19D’ to engage the vessel
wall 37 at offset longitudinal positions, which, as explained above, can improve stabilization
of the pump 2 due to, e.g., multiple planes or rings of contact with the vessel wall 37.

[0093] FIG. 6 thus illustrates embodiments where the struts 19D°, 19D may
have approximately the same length along the longitudinal direction from proximal to distal

ends in the retracted state but which may expand to contact a vessel wall at offset
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longitudinal positions, e.g., as may be defined by two spaced apart planes disposed transverse
to, e.g., perpendicular to the longitudinal axis of the pump 2. The struts 19D°, 19D,
individually or in groups defining contact planes, can at least intermittently contact the vessel
wall over a range of positions along the vessel wall that is two times, three times, four times,
five times, six times, up to ten time, or up to one hundred times greater than the contact
length of a contact pad or other vessel wall contact surface of the struts. It will be
appreciated that dispersed contact areas of these sorts can also be provided by struts that have
different lengths in the retracted state, as in FIGS. SA-5B. In some embodiments, the contact
element 104 at the second free end 39 of a strut 19D may be curled or coiled so that curled
portion will contact the vessel wall 37. As a nonlimiting example, the second free end 39 of
the strut 39D may be curled or coiled (e.g., at an angle in a range of approximately 270° to
360°).

[0094] The contact area of the contact element 104 of a strut 19-19D may be
designed so that endothelialization over longer durations does not impede or prevent removal
of the device or increase the potential for trauma to the vessel wall 37 when the intravascular
device (e.g., pump 2) is removed. In general, single-ended contact geometries can be pulled
out more easily from under any endothelialization. In contrast, non-single ended contact
gcomctrics may incrcasc the potential for trauma to the vessel wall 37 when the device is
removed. In some embodiments with hooks 1035, the strut 19B can be shaped so the action of
advancing the sheath 28 to collapse the plurality of struts 19B will move the struts 19B in
such a way as (o pull the hooks 105 from the vessel wall 37 like a dart [rom a dartboard or in
the opposite direction from which it was inserted. In some embodiments with contact pads
24, 24A, the pads 24, 24A may be tapered so they can be pulled out from under
endothelialized tissue by translating the intravascular device (e.g., pump 2). Raising the
edges of the contact pad 24, 24A (e.g., a “sled”-type design) may also discourage restrictive
endothelialization.

[0095] The amount of radial force that presses the contact area at the second free
end 39 of a strut 19-19D against the blood vessel wall 37 can be altered by varying the
number of struts 19-19D, material of the struts 19-19D, and/or the geometry of the struts 19-
19D and contact pads 24-24A. Important geometric factors may include, but are not limited

to, the length of the strut 19-19D, cross- section of the strut 19-19D, attachment angle of the
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strut 19-19D to the pump housing 35, and curvature of the strut 19-19D. In general, a strut
19-19D will have a spring function, such that the more the strut 19-19D is compressed by the
vessel wall 37, the higher the radial force of the strut 19-19D on the vessel wall 37. The
design and shape forming of the strut may be selected to reduce this dependence so that the
radial force provided by the strut 19-19D is relatively independent of the radius to which the
strut is compressed. Equalization of such spring forces among a plurality of struts 19-19D
can provide a centering positioning effect.

[0096] In some embodiments, a strut 19-19D may be designed for intermittent
contact and have zero radial force unless it is in contact with the vessel wall 37. As a
nonlimiting example, the plurality of struts 19-19D may have different lengths and/or
geometries (e.g., FIGS. 5A-5B). The different lengths and/or geometries may arrange the
struts 19C so that not all struts 19C touch thc vessel wall 37 at thc samc time in some
embodiments as shown in FIGS. 5A-5B. Further, 1s some example the struts 19-19D may be
utilized with devices that exert forces on the struts 19-19D during operation (e.g., a
gyroscopic effect), which may result in changes in forces exerted on the struts 19-19D.
Because of the spring-like nature of the struts 19-19D, collapse or release in such situations
can be facilitated. Note that each strut 19-19D in a plurality of struts may have a different
gecometry or contact region design.

[0097] In some embodiments, the struts 19-19D can have knees 102 as explained
above. A knee 102 in a strut may function to keep part of the strut 19A-19D away from the
inner wall of the sheath 28 when the plurality of struts 19A-19D are collapsed within the
sheath 28. For example, the knee 102 may function to keep a hook 105 away from the inner
wall of the sheath 28 so that the hook 105 does not contact the sheath 28 and create
particulates through abrasion, cutting, or gouging. The knee 102 can comprise an inflection
zone disposed between the first end 38 and the second end 39, the second end 39 resiliently
deflectable toward and away from the longitudinal axis L of the pump housing 35. A free
state of the strut can space the second end 39 thereof away from the longitudinal axis L of the
pump housing 35. The second end 39 of the strut can be configured to engage the blood
vessel wall 37 (e.g., to at least intermittently contact the vessel wall 37). The inflection zone
can comprise an S-connection between a first span of the strut and a second span of the strut.

The first span and the second span can be disposed along parallel trajectories.
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[0098] Minimizing the diameter of the sheath 28 used to implant or retrieve an
intravascular device (such as the pump 2) can be important. An advantage of the
embodiments disclosed herein is that the plurality of struts 19-19D can be collapsed to a
diameter equal to or smaller than the diameter of the pump 2 itself so that a large sheath is
not required due to the presence of the plurality of struts 19-19D.

[0099] In some embodiments, a plurality of struts 19-19D may be designed to
contact the vessel wall 37 in multiple transverse planes (for example, at multiple longitudinal
positions) along the central axis of the vessel. In some embodiments, a plurality of struts 19-
19D may be attached to the pump 2 in one transverse plane, but the struts 19-19D can have
different geometries and can contact the vessel wall 37 in multiple transverse planes along
the central axis of the vessel. In some embodiments the plurality of struts 19-19D may be
attached to the pump 2 in morc than onc transversc planc along the central or longitudinal
axis L of the pump 2. As a nonlimiting example, there may be a set of struts 19-19D at each
end of the pump 2 (e.g., at proximal and distal ends of the pump 2).

[0100] In some embodiments, a plurality of struts 19-19D may be directly
integrated into the pump 2 such that the shroud 16 and struts 19-19D are monolithically
formed in a single piece. In other embodiments, the plurality of struts 19-19D may be
coupled or connected to the pump 2 instcad and may comprisc onc or morc scparatc picce(s).
As a nonlimiting example, the struts 19-19D may be attached a ring that is attached to the
pump 2.

TETHER

[0101] In some embodiments, one or more tethers may be a component of the
localization and positioning system 100-100C. Devices, such as the pump 2, that utilize a
cable or lead for power or infusion can use that cable or lead as a tether. For example, as
shown herein, the power lead 20 can serves as the tether in the illustrated embodiments. The
tether (e.g., power lead 20) can have an anchor point outside the blood vessel and/or the
patient, and can limit translation of the intravascular device (e.g. away from that anchor
point). As explained herein, for example, the connector 23 at the proximal end 21 of the
system 1 can connect to a console (which can serve as the anchor point in some
embodiments) outside of the patient’s body. In some embodiments, the arteriotomy and path

through the skin of the patient can serve as the anchor point for the tether. Sutures may be
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used to anchor the tether (e.g., power lead 20) adjacent to the proximal end 21 in some
procedures.

PROPULSION

[0102] One nonlimiting example of intravascular devices that may be used with
the disclosed embodiments is the blood pump 2A, as shown in, e.g., FIGS. 4A-4E. As shown
in FIG. 4A, and as explained above, the sheath 28 can be inserted percutaneously to a
treatment location in a blood vessel, such as the descending aorta. In some embodiments, as
shown in FIG. 4B, after placement of the sheath 28, the pump 2A can be pushed distally
within the sheath 28 by way of a stiffening member or guidewire (not shown) that can be
disposed within the central lumen 55. In other embodiments, the pump 2A can be pre-loaded
in the sheath 28, and the sheath 28 and pump 2A can be advanced together to the treatment
location. As shown in FIGS. 4C-4D, rclative motion can be provided between the sheath 28
and the pump 2A to urge the pump 2A out of the sheath 28. 'The support structure including
the struts 19-19D can self-expand and contact the inner wall of the vessel 37. The struts used
in the support structure of the pump 2A shown in I'IGS. 4A-4L can include any of the struts
19-19D described herein. For example, in some embodiments, such as that shown in FIG.
4C, a mesh 47 can extend or span between adjacent struts at a location near the distal end of
the shroud 16. The mesh 47 can extend partially along length(s) of the struts, e.g., within a
range of 10% to 70% of a length of the strut(s). The struts 19A of FIG. 4D are shown with
the contact pads 24. The struts of FIG. 4E are shown with the hooks 105.

[0103] Once the struts are deployed, the impeller 6 can be aclivated (o pump
blood. Some blood pumps 2A discharge blood in jets 34 or exert significant forces during
operation. These pumps 2A may generate a reaction (or propulsive) force 33 on the pump 2A
in the opposite direction of the pump discharge, e.g. when pumping down a propulsive force
33 may result upwardly as shown in FIG. 4D. Some embodiments may be designed to take
advantage of this propulsive force 33 as a component of the localization system 100-100C.
As a nonlimiting example, the struts 19-19D may provide a geometry that causes an increase
in the spring-like forces as a result of the propulsive force 33, e.g., the propulsive force 33
may further compress the struts 19-19D and increase the spring force. In various
embodiments, a longitudinal component of the thrust force 33 along the longitudinal axis L

can be opposed by tension in the tether (e.g., the power lead 20). A transverse component of

-36-

CA 03160964 2022-6-6



WO 2021/119413 PCT/US2020/064489

the thrust force 33 directed transverse to the longitudinal axis L (e.g., along the radial axis R)
can be opposed by strain energy stored in at least one of the elongate struts 19-19D upon
deflection of the strut(s) 19-19D. As explained herein, when the procedure is complete, the
clinician can provide further relative motion between the sheath 28 and the pump 2A to
collapse the struts 19-19D into the sheath 28 (see FIG. 1H).

[0104] Beneficially, in various embodiments disclosed herein, the power lead 20
can serve as a tether that is sufficiently strong so as to oppose loads applied in opposite
directions at opposite ends thereof. In some pumps, the thrust from the pump 2 may be too
strong such that, if the proximal end of the tether is not sufficiently anchored and/or if the
power lead 20 is not sufficiently strong, the pump 2 can move through the blood vessel. In
such a situation, the pump 2 may stretch the tether, and/or the tether may not be sufficiently
anchored. Benceficially, the embodiments discloscd herein can utilize the clongate hollow
member and conductor wires which can be sufficiently strong such that, when anchored
outside the blood vessel, a longitudinal component of the thrust force generated by the
impeller directed along the longitudinal axis of the pump can be adequately opposed by the
tether. Thus, in various embodiments, the tether (e.g., power lead 20) can be configured to
maintain a position of the pump 2 within the blood vessel without requiring contact between
the pump 2 and a blood vesscl wall 37 of the blood vesscl.

[0105] In some embodiments, the struts of the support structure need not contact
the wall 37 during operation of the blood pump 2, and the tether can serve to adequately
position the pump 2. In some procedures, the strut(s) may at least intermittently contact the
blood vessel wall 37 (e.g., the struts may only intermittently contact the wall 37). In such
arrangements, the strut(s) may intermittently come into contact with the wall 37 and move
away from the vessel wall 37 throughout the procedure. Accordingly, the embodiments
disclosed herein need not require constant contact between the support structure of the pump
and the vessel wall 37. Indeed, in such embodiments, the struts may comprise short and/or
stubby struts that may serve as bumpers that atraumatically, e.g., resiliently, engage with the
vessel wall 37 intermittently as the pump 2 moves towards the wall 37, and pushes the pump
2 back towards a central location of the vessel. In some embodiments, the struts may be
omitted such that the tether and thrust force establish the position of the pump in operation.

In other embodiments, however, the struts may be shaped or configured to maintain
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substantially constant contact with the vessel wall 37 when in the deployed configuration
during use of the pump 2. In still other embodiments, the pump 2 may not include struts,
such that the tether may serve the positioning and/or localization function without struts.

EXAMPLE DESIGNS

[0106] The various design features discussed above may be mixed and combined
in any fashion desired. Nonlimiting examples described herein below illustrate one possible
embodiment that combines the design elements described above and are not an indication of
the bounds of potential combinations.

[0107] The systems and methods discussed herein are used to provide localization
and positioning of a device, such as an intravascular pump 2. 2A. A plurality of struts 19-
19D with contact elements 104 project out from a ring attached to the inlet end of the pump
2. The ecmbodiments of FIGS. 1A-3G show four struts 19-19B, but any number of struts may
be used. For example, as shown in FIGS. 5A-5B, in some embodiments more than four
struts (e.g., six struts 19C) can be used. The contact pads 24, 24 A are shown as circular, but
any shaped contact pads 24, 24A may be used. The strut geometry is designed to provide
radial force within a set range at the strut contact pads 24, 24A for vessels within a certain
diameter range. The struts 19-19D can also be designed to reduce or minimize the force
required for the shcath 28 to collapse the struts 19-19D.

[0108] The circular contact pads 24, 24A can be designed to slide on the inner
artery wall 37 rather than cause any trauma. With this tuning of the radial force, the plurality
ol expanded struts 19-19D provides consistent positioning of the inlet port 27-27B of the
pump 2, 2a in the center of the vessel lumen and resists, but does not strictly prevent,
translation and rotation of the pump 2, 2a. This feature allows safe translation of the pump 2,
2a whether intentional (to move the pump 2, 2A to a preferred location) or unintentional
(e.g., if the power lead is yanked).

[0109] Providing limited localization is sufficient because in some embodiments
the propulsive force 33 of the pump 2, 2A tends to move it in a superior direction, and/or this
movement may be limited by the tether effect of the pump’s power lead 20. One advantage
of this embodiment is providing stable long-term localization, while allowing instantaneous

movement of the pump 2, 2A with minimal or reduced risk of trauma to the vessel wall 37.
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This embodiment, for example, is compatible with a greater freedom-of-motion for the
patient who is free to sit up, bend at the waist, and/or make other similar motions.

[0110] In some embodiments, the strut geometry may be altered so that the struts
19-19D only make intermittent contact with the vessel wall 37. In such an embodiment, the
propulsive force 33 acting against the tether (e.g., power lead 20) provides localization and
the struts 19-19D maintain positioning of the port 27-27B of the pump 2, 2A in the center of
the lumen of the vessel.

ADVANTAGES

[0111] The systems and methods discussed herein, including without limitation
the embodiment described in detail and illustrated in the drawings. has a number of
advantages. Many of these advantages are described above. The following are only additional
non-limiting cxamples of advantages, some of which arisc from the combination of various
design elements.

a. Struts 19-19D (including struts 19C’, 19C”’, 19D’, 19D’’) designed to not
increase the diameter of the pump 2 when the struts 19-19D are in the
collapsed configuration.

b. Struts 19-19D (including struts 19C’°, 19C”’, 19D’, 19D°") with knees 102 and
hooks 105, such that the kneces 102 prevent the hooks 105 from contacting the
inner surface of the sheath 28 during implantation or retrieval of the pump 2.

c. Atraumatic contact pads 24, 24A designed to resist, but not eliminate
translation or rotation of the intravascular device (e.g., pump 2, 2A) that
1. Work in conjunction with a tether (e.g., power lead 20) and propulsive

force 33; and/or

ii. Become more resistant to translation over time due to desired
endothelialization.
d. Intermittent contact positioning (centering) with struts 19-19D (including

struts 19C’°, 19C*°, 19D’, 19D’") with long-term localization effected by the

propulsive force 33 working against a tether (e.g., power lead 20).
[0112] Embodiments described herein are included to demonstrate particular
aspects of the present disclosure. It should be appreciated by those of ordinary skill in the art

that the embodiments described herein merely represent exemplary embodiments (e.g., non-
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limiting examples) of the disclosure. Those of ordinary skill in the art should, in light of the
present disclosure, appreciate that many changes can be made in the specific embodiments
described, including various combinations of the different elements, components, steps,
features, or the like of the embodiments described, and still obtain a like or similar result
without departing from the spirit and scope of the present disclosure. From the foregoing
description, one of ordinary skill in the art can easily ascertain the essential characteristics of
this disclosure, and without departing from the spirit and scope thereof, can make various
changes and modifications to adapt the disclosure to various usages and conditions. The
embodiments described hereinabove are meant to be illustrative only and should not be taken
as limiting of the scope of the disclosure.

[0113] Prior work is detailed in U.S. Pat. No. 8,012,079 and U.S. Pat. Pub. No.
2017/0087288 , which arc both fully incorporated by rcference hercin.

7

[0114] Conditional language, such as *‘can,” “could,” “might,” or “may,” unless
specifically stated otherwise, or otherwise understood within the context as used, is generally
intended to convey that certain embodiments include, while other embodiments do not
include, certain features, clements, and/or steps. Thus, such conditional language is not
generally intended to imply that features, elements, and/or steps are in any way required for
onc or morc cmbodiments.

[0115] The terms “comprising,” “including,” “having,” and the like are
synonymous and are used inclusively, in an open-ended fashion, and do not exclude
additional elements, [eatures, acts, operations, and so [orth. Also, the term “or” is used in its
inclusive sense (and not in its exclusive sense) so that when used, for example, to connect a
list of elements, the term “or” means one, some, or all of the elements in the list. In addition,
the articles “a,”” “‘an,” and “‘the” as used in this application and the appended claims are to be

construed to mean “one or more” or “at least one™ unless specified otherwise.

[0116] The ranges disclosed herein also encompass any and all overlap, sub-

s < EX IS 99 <

ranges, and combinations thereof. Language such as “‘up to,” “at least,” “greater than,” “less
than,” “between,” and the like includes the number recited. Numbers preceded by a term
such as “about” or “approximately” include the recited numbers and should be interpreted
based on the circumstances (e.g., as accurate as reasonably possible under the circumstances,

for example +5%, +10%, *15%, ctc.). For example, “about 17 includes “1.” Phrases
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EE IS

preceded by a term such as “substantially,” “generally,” and the like include the recited
phrase and should be interpreted based on the circumstances (e.g., as much as reasonably
possible under the circumstances). For example, “substantially spherical” includes
“spherical.” Unless stated otherwise, all measurements are at standard conditions including
temperature and pressure.

[0117] As used herein, a phrase referring to “at least one of” a list of items refers
to any combination of those items, including single members. As an example, “at least one
of: A, B, or C” is intended to cover: A, B, C, A and B, A and C, B and C, and A, B, and C.
Conjunctive language such as the phrase “at least one of X, Y and Z,” unless specifically
stated otherwise, is otherwise understood with the context as used in general to convey that
an item, term, etc. may be at least one of X, Y or Z. Thus, such conjunctive language is not
gencrally intended to imply that certain cmbodiments require at Icast onc of X, at Icast onc of
Y and at least one of Z to each be present.

[0118] Although certain embodiments and examples have been described herein,
it should be emphasized that many variations and modifications may be made to the humeral
head assembly shown and described in the present disclosure, the elements of which are to be
understood as being differently combined and/or modified to form still further embodiments
or acceptable examples. All such modifications and variations arc intended to be included
herein within the scope of this disclosure. A wide variety of designs and approaches are
possible. No feature, structure, or step disclosed herein is essential or indispensable.

[0119] Some embodiments have been described in connection with the
accompanying drawings. However, it should be understood that the figures are not drawn to
scale. Distances, angles, etc. are merely illustrative and do not necessarily bear an exact
relationship to actual dimensions and layout of the devices illustrated. Components can be
added, removed, and/or rearranged. Further, the disclosure herein of any particular feature,
aspect, method, property, characteristic, quality, attribute, element, or the like in connection
with various embodiments can be used in all other embodiments set forth herein.
Additionally, it will be recognized that any methods described herein may be practiced using
any device suitable for performing the recited steps.

[0120] For purposes of this disclosure, certain aspects, advantages, and novel

features are described herein. It is to be understood that not necessarily all such advantages
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may be achieved in accordance with any particular embodiment. Thus, for example, those
skilled in the art will recognize that the disclosure may be embodied or carried out in a
manner that achieves one advantage or a group of advantages as taught herein without
necessarily achieving other advantages as may be taught or suggested herein.

[0121] Moreover, while illustrative embodiments have been described herein, it
will be understood by those skilled in the art that the scope of the inventions extends beyond
the specifically disclosed embodiments to any and all embodiments having equivalent
elements, modifications, omissions, combinations or sub-combinations of the specific
features and aspects of the embodiments (e.g., of aspects across various embodiments),
adaptations and/or alterations, and uses of the inventions as would be appreciated by those in
the art based on the present disclosure. The limitations in the claims are to be interpreted
fairly bascd on thc language cmployed in the claims and not limited to the cxamplcs
described in the present specification or during the prosecution of the application, which
examples are to be construed as non-exclusive. Further, the actions of the disclosed
processes and methods may be modified in any manner, including by reordering actions
and/or inserting additional actions and/or deleting actions. It is intended, therefore, that the
specification and examples be considered as illustrative only, with a true scope and spirit

being indicated by the claims and their full scope of equivalents.
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WHAT IS CLAIMED I8S:

1. A blood flow assist system comprising:

an impeller disposed in a pump housing of a pump, the pump comprising a
longitudinal axis, the impeller generating a thrust force when operating in a blood
vessel to pump blood;

a motor operatively coupled with the impeller;

a tether coupled with a first end of the pump, the tether comprising a hollow,
elongate member enclosing a conductor disposed therein, the conductor configured to
convey current to and from the motor from a source connectable to a proximal end of
the tether, the tether configured to oppose loads applied in opposite directions at
opposites ends thereof;

a plurality of clongatc struts having a first end coupled with a sccond cnd of
the pump and a second end opposite the first end, each elongate strut of the plurality
of elongate struts comprising a slender body extending between the first end and the
second end, each strut of the plurality of elongate struts being configured to store
strain energy when a transverse load is applied;

a contact pad disposed at the second end of each of the elongate struts of the
plurality of clongatc struts, cach contact pad having an cnlarged width compared to a
width of the immediately adjacent expanse of the corresponding elongate strut of the
plurality of elongate struts;

wherein, in use, a longitudinal component of the thrust force generated by the
impeller directed along the longitudinal axis of the pump is opposed by the tension
member of the tether.

2. The blood flow assist system of Claim 1, wherein the contact pad comprises a

generally circular pad having a diameter greater than the width of the immediately adjacent

expanse of the corresponding elongate struts.

3. The blood flow assist system of Claim 1, wherein the elongate struts comprise

at least one inflection along the slender body thereof to facilitate folding of the struts into a

lumen of a sheath.

4. The blood flow assist system of Claim 1, wherein each of the contact pads

comprises a smooth surface free of sharp edges or hooks.

CA 03160964 2022-6-6
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5. The blood flow assist system of Claim 1, wherein each of the contact pads
comprises a convex cross-sectional profile on a blood vessel facing side thereof.

6. The blood flow assist system of Claim 5, wherein each of the contact pads
comprises a spherical portion.

7. The blood flow assist system of any one of Claims 1-6, wherein the elongate
struts are configured to apply a load to an aortic wall when deployed to locally radially
expand vessel wall tissue against which the contact pad is apposed.

8. The blood flow assist system of any one of Claims 1-6, wherein the contact
pad comprises a hole configured to allow blood vessel wall tissue to be received therein.

9. The blood flow assist system of any one of Claims 1-6, wherein each of the
contact pads comprises one or more scalloped edges to allow blood vessel wall tissue to be
reccived therein.

10. The blood flow assist system of any one of Claims 1-6, wherein each of the
contact pads comprises a domed portion.

11. The blood flow assist system of any one of Claims 1-6, wherein the hollow,
clongate member is configured to receive a stiffening member to facilitate introduction of the
pump housing.

12. The blood flow assist system of any onc of Claims 1-6, whercin the pump
further comprises a motor housing coupled to a proximal portion of the pump housing, the
motor disposed in the motor housing.

13. The blood flow assist system of any one ol Claims 1-6, wherein a (ransverse
component of the thrust force directed transverse to the longitudinal axis of the pump is
opposed by strain energy stored in at least one of the elongate struts of the plurality of
elongate struts upon deflection of one or more of the elongate struts of the plurality of struts.

14. A kit comprising the blood flow assist system of any one of Claims 1-6, and a
sheath sized and shaped to receive the pump housing, the motor, the tether, and the plurality
of elongate struts.

15. A blood flow assist system comprising:

an impeller disposed in a pump housing of a pump, the pump comprising a
longitudinal axis, the impeller generating a thrust force when operating in a blood

vessel to pump blood;
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a tether extending away from the pump housing, the tether configured to
oppose loads applied in opposite directions at opposite ends thereof; and

a support structure comprising convex contact pads configured to at least
intermittently contact a blood vessel wall to maintain spacing of the pump housing
from a blood vessel wall in which the pump housing is disposed.

16. The blood flow assist system of Claim 15, wherein the support structure
comprises a plurality of elongate struts having a first end coupled with a second end of the
pump and a second end opposite the first end, each elongate strut of the plurality of struts
having a slender body and extending between the first end and the second end, the convex
contact pads disposed at respective distal portions of the plurality of struts.

17. The blood flow assist system of Claim 16, wherein the plurality of struts
includcs a first plurality of struts and a sccond plurality of struts, whercin, when the plurality
of struts are in an expanded configuration, first contact pads of the first plurality of struts are
configured to engage with the blood vessel wall at a first longitudinal position and second
contact pads of the second plurality of struts are configured to engage with the blood vessel
wall at a second longitudinal position that is spaced from the first longitudinal position.

18. The blood flow assist system of any one of Claims 15 to 17, wherein, in a
collapscd configuration of the struts, at lcast a portion of the struts has a major lateral
dimension that is no more than a major lateral dimension of the pump housing.

19. The blood flow assist system of any one of Claims 15 to 17, wherein the
contact pads are confligured to be disposed distal and radially outward of the pump housing
and to be reversibly deflectable to hold the pump housing within the blood vessel to hold the
pump housing away from the blood vessel wall.

20. The blood flow assist system of any one of Claims 15 to 17, wherein the
contact pads comprise a convex periphery surrounding a convex blood vessel engagement
surface.

21. The blood flow assist system of any one of Claims 15 to 17, wherein the
contact pads comprise a convex profile in a cross-sectional plane disposed transverse to a

longitudinal axis of the pump.
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22. The blood flow assist system of any one of Claims 15 to 17, wherein the tether
comprises a conductor configured to convey current to a motor operatively coupled to the
impeller from a source connectable to a proximal end of the tether.

23.The blood flow assist system of Claim 22, wherein the pump further comprises a
motor housing coupled to a proximal portion of the pump housing, the motor disposed in the
motor housing.

24. The blood flow assist system of any one of Claims 15 to 17, wherein the tether
comprises a rotatable drive shaft connected to a motor to be disposed outside a body of the
patient.

25. A kit comprising the blood flow assist system of any one of Claims 15 to 17,
and a sheath sized and shaped to receive the pump housing, the tether, and the support
structurc.

26. A blood flow assist system comprising:

an impeller disposed in a pump housing of a pump, the pump comprising a
longitudinal axis, the impeller generating a thrust force when operating in a blood
vessel to pump blood; and

a tether extending away from the pump housing, the tether configured to
opposc loads applicd in opposite dircctions at opposite ends thercof,

wherein a longitudinal component of the thrust force generated by the
impeller directed along the longitudinal axis of the pump is opposed by the tether, the
tether configured to maintain a position ol the pump within the blood vessel without
requiring contact between the pump and a blood vessel wall of the blood vessel.

27. The blood flow assist system of Claim 26, further comprising a support
structure coupled to or formed with the pump housing, the support structure configured to at
least intermittently contact the blood vessel wall to maintain spacing of the pump housing
from the blood vessel wall in which the pump housing is disposed.

28. The blood flow assist system of Claim 27, wherein the support structure
comprises a plurality of elongate struts having a first end coupled with the pump housing and
a second end opposite the first end, each clongate strut of the plurality of struts having a

slender body and extending between the first end and the second end.
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29. The blood flow assist system of Claim 28, further comprising convex contact pads
disposed at respective distal portions of the plurality of struts, the convex contact pads
configured to at least intermittently contact the blood vessel wall to maintain spacing of the
pump housing from a blood vessel wall in which the pump housing is disposed.

30. The blood flow assist system of Claim 29, wherein the plurality of struts includes
a first plurality of struts and a second plurality of struts, wherein, when the plurality of struts
are in an expanded configuration, first contact pads of the first plurality of struts are
configured to engage with the blood vessel wall at a first longitudinal position and second
contact pads of the second plurality of struts are configured to engage with the blood vessel
wall at a second longitudinal position that is spaced from the first longitudinal position.

31. The blood flow assist system of any one of Claims 26-30, wherein the contact
pads arc configurcd to be disposcd distal and radially outward of the pump housing and to be
reversibly deflectable to hold the pump housing within the blood vessel to hold the pump
housing away from the blood vessel wall.

32. The blood flow assist system of Claim 26-30, wherein the contact pads
comprise a convex periphery surrounding a convex blood vessel engagement surface.

33. The blood flow assist system of any one of Claims 26-30, wherein the contact
pads comprisc a convex profile in a cross-scctional planc disposed transversc to a
longitudinal axis of the pump.

34. The blood flow assist system of any one of Claims 26-30, wherein the tether
comprises a conductor conligured (o convey current (o a motor operalively coupled (o the
impeller from a source connectable to a proximal end of the tether.

35. The blood flow assist system of Claim 34, wherein the pump further
comprises a motor housing coupled to a proximal portion of the pump housing, the motor
disposed in the motor housing.

36. The blood flow assist system of any one of Claims 26-30, wherein the tether
comprises a rotatable drive shaft connected to a motor to be disposed outside a body of the
patient.

37. A kit comprising the blood flow assist system of any one of Claims 26-30, and
a sheath sized and shaped to receive the pump housing, the tether, and the support structure.

38. A blood flow assist system comprising:
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an impeller disposed in a pump housing of a pump; and

a support structure comprising a plurality of struts coupled to or formed with
the pump housing, the support structure having an expanded configuration in which
the plurality of struts extend outwardly relative to the pump housing and a collapsed
configuration in which the pump is disposed in a sheath, wherein, in the collapsed
configuration, at least a portion of the struts has a major lateral dimension that is no
more than a major lateral dimension of the pump housing.

39. The blood flow assist system of Claim 38, wherein the major lateral
dimension of the at least the portion of the struts is less than the major lateral dimension of
the pump housing.

40. The blood flow assist system of Claim 38 or 39, further comprising a motor
housing and a motor disposcd in the motor housing, whercin the major latcral dimension of
the at least the portion of the struts is less than a major lateral dimension of the motor
housing.

41. The blood flow assist system of Claim 38 or 39, further comprising convex
contact pads at a distal portion of the struts, the convex contact pads configured to contact a
blood vessel wall to maintain spacing of the pump housing from a blood vessel wall in which
the pump housing is disposed.

42. A blood flow assist system comprising:

an impeller disposed in a pump housing of a pump; and

a support structure comprising a pluralitly of struts coupled to or formed with
the pump housing, the support structure having an expanded configuration in which
the plurality of struts extend outwardly relative to the pump housing and a collapsed
configuration in which the pump is disposed in a sheath,

wherein the plurality of struts includes a first plurality of struts and a second
plurality of struts, wherein, when the plurality of struts are in an expanded
configuration, first contact pads of the first plurality of struts are configured to engage
with the blood vessel wall at a first longitudinal position and second contact pads of

the second plurality of struts are configured to engage with the blood vessel wall at a

second longitudinal position that is spaced from the first longitudinal position.
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43. The blood flow assist system of Claim 42, further comprising convex contact
pads at a distal portion of the plurality of struts, the convex contact pads configured to at least
intermittently contact a blood vessel wall to maintain spacing of the pump housing from a
blood vessel wall in which the pump housing is disposed.

44, The blood flow assist system of Claim 42 or 43, wherein a major lateral
dimension of the at least a portion of the struts is less than a major lateral dimension of the
pump housing.

45. The blood flow assist system of Claim 42 or 43, further comprising a tether
extending away from the pump housing, the tether configured to oppose loads applied in
opposite directions at opposite ends thereof.

46. A blood flow assist system comprising:

an impcller disposcd in a pump housing of a pump, thec pump comprising a
longitudinal axis, the impeller generating a thrust force when operating in a blood
vessel to pump blood;

a tether coupled with a first end of the pump; and

a support structure comprising a contact pad resiliently deflectable toward and
away from a longitudinal axis of the pump, a free state of the contact pad being
spaced away from the longitudinal axis of the pump by a distance greater than a half-
width of a blood vessel into which the pump housing is to be deployed, the contact
pad applying sufficient force to a wall of the blood vessel to depress a portion of the
contact pad into the wall such that a surrounding portion of the vessel wall is radially
inward from a contact surface of the contact pad.

47. The blood flow assist system of Claim 46, wherein the contact pad is
configured to engage without hooking the wall of the blood vessel when applied.

48. The blood flow assist system of Claim 46 or 47, wherein the contact pad
comprises an elongate member and an enlarged blood vessel wall contact surface disposed at
the end of the elongate member.

49. The blood flow assist system of Claim 46 or 47, wherein the tether comprises
a conductor configured to convey current from a source connectable to a proximal end of the

tether to a motor operatively coupled with the impeller.
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50. A kit comprising the blood flow assist system of Claim 46 or 47, and a sheath
sized and shaped to receive the pump housing, the tether, and the support structure.

51. A blood flow assist system comprising:

a pump comprising:
an impeller disposed in a pump housing; and
a strut comprising a first end disposed at or coupled with the pump
housing, a second end opposite the first end, and an inflection zone disposed
between the first end and the second end, the second end elastically
deflectable toward and away from a longitudinal axis of the pump, a free state
of the strut spacing the second end thereof away from the longitudinal axis of
the pump, the second end of the strut configured to engage a wall of the blood
vessel; and
a sheath comprising an inner wall configured to be disposed over the pump
and to deflect the strut between the first and the second end thereof;
wherein the inflection zone is configured such that when the strut is deflected
by the inner wall of the sheath, the second end of the strut is spaced away from the
inner wall of the sheath.

52. The blood flow assist system of Claim 51, wherein the sccond end of the strut
comprises a hook.

53. The blood flow assist system of Claim 51 or 52, wherein the inflection zone
comprises an S-connection between a [irst span ol the strut and a second span of the strut, the
first span and the second span being disposed along parallel trajectories.

54. The blood flow assist system of Claim 51 or 52, further comprising a tether
coupled with a first end of the pump, the tether comprising an electrical conveyance
comprising a conductor configured to convey current to and from a source connectable to a
proximal end of the electrical conveyance.

55. A method of operating a blood flow assist system, the method comprising:

providing a pump at a treatment location within a blood vessel of a patient, the
pump including a pump housing disposed in a sheath, an impeller disposed in the

pump housing, and a plurality of elongate struts extending from the pump housing in
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a collapsed configuration, each elongate strut of the plurality of struts including a
convex contact pad at a distal end thereof;

providing relative motion between the sheath and the pump to remove the
pump from the sheath, the plurality of elongate struts radially self-expanding to an
expanded configuration in which at least one convex contact pad at least
intermittently makes contact with a vessel wall of the blood vessel to maintain
spacing of the pump from the vessel wall; and

rotating the impeller to pump blood.

56. The method of Claim 55, further comprising conveying electrical current to a
motor by way of a tether comprising a conductor, the motor operatively coupled with the
impeller and the tether coupled to the pump, wherein rotating the impeller generates a thrust
force, the tether opposing the thrush forcc.

57. The method of Claim 55 or 56, further comprising percutancously delivering
the sheath to the treatment location, and, subsequently, delivering the pump to the treatment
location.

58. The method of Claim 55 or 56, further comprising causing a portion of the
contact pad to depress into the vessel wall.

59. The mcthod of Claim 55 or 56, further comprising removing the pump from
the patient.

60. A method of operating a blood flow assist system, the method comprising:

providing a pump al a treatment location within a blood vessel of a patient, the
pump including a pump housing disposed in a sheath, an impeller disposed in the
pump housing, and a plurality of elongate struts extending distally from the pump
housing in a collapsed configuration;

providing relative motion between the sheath and the pump to remove the
pump from the sheath, the plurality of elongate struts radially self-expanding to an
expanded configuration in which at least one contact pad at an end of at least one strut
of the plurality of elongate struts at least intermittently makes contact with a vessel
wall of the blood vessel to maintain spacing of the pump from the vessel wall, the at

least one contact pad applying sufficient force to the vessel wall of the blood vessel to
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depress a portion of the contact pad into the vessel wall such that a surrounding

portion of the vessel wall is radially inward from the contact pad; and

rotating the impeller to pump blood.

61. The method of Claim 60, further comprising percutaneously delivering the
sheath to the treatment location, and, subsequently, delivering the pump to the treatment
location.

62. The method of Claim 60 or 61, further comprising removing the pump from
the patient.

63. The method of Claim 60 or 61, further comprising conveying electrical
current to a motor by way of a tether comprising a conductor, the motor operatively coupled
with the impeller and the tether coupled to the pump.

64. A mcthod of manufacturing a blood flow assist systcm, thc mcthod
comprising:

providing an impeller in a pump housing of a pump, the pump disposed along
a longitudinal axis, the impeller generating a thrust force when operating in a blood
vessel to pump blood;

coupling a tether with a first end of the pump; and

coupling a support structurc to a sccond cnd of the pump, the support structurc
comprising convex contact pads configured to at least intermittently contact a blood
vessel wall to maintain spacing of the pump housing from a blood vessel wall in
which the pump housing is disposed.

65. The method of Claim 64, further comprising providing the motor in a motor
housing of the pump, the motor housing disposed distal the pump housing.

66. The method of Claim 64 or 65, wherein the support structure comprises a
plurality of elongate struts having a first end coupled with the second end of the pump and a
second end opposite the first end, each elongate strut of the plurality of struts having a
slender body and extending between the first end and the second end, each strut of the
plurality of elongate struts being configured to store strain energy when a transverse load is
applied to the second ends of the struts of the plurality of elongate struts.

67. The method of Claim 66, further comprising patterning the plurality of

clongate struts.
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68. The method of Claim 67, wherein patterning comprises laser cutting the

plurality of elongate struts from a sheet of material.

69. A method of operating a blood flow assist system, the method comprising:

providing a pump at a treatment location within a blood vessel of a patient, the
pump including a pump housing disposed in a sheath, an impeller disposed in the
pump housing, and a tether extending proximally from the pump housing to outside
the patient, the tether configured to oppose loads applied in opposite directions at
opposite ends thereof;

providing relative motion between the sheath and the pump to remove the
pump from the sheath;

rotating the impeller to pump blood and to generate a thrust force,

whercin a longitudinal componcnt of the thrust forcec gencrated by the
impeller directed along a longitudinal axis of the pump is opposed by the tether, the
tether configured to maintain a position of the pump within the blood vessel without
requiring contact between the pump and a blood vessel wall of the blood vessel.

70. The method of Claim 69, wherein the pump includes a plurality of elongate

struts extending distally from the pump housing in a collapsed configuration, each elongate

strut of the plurality of struts including a convex contact pad at a distal end thercof, whercin

providing relative motion comprises causing the plurality of elongate struts to radially self-

expand to an expanded configuration in which at least one convex contact pad makes at least

intermittent contact with a vessel wall of the blood vessel Lo maintain spacing of the pump

from the vessel wall.
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